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1 Introduction

Nitric oxide (NO) has gained wide recognition through a number of diverse
activities in physiology and pathophysiology. This simple molecule, Science
magazine’s "molecule of the year 1992", is a key transducer of the vasodila-
tor message from the endothelium to vascular cells, is a constitutent in
central and peripheral neuronal transmission, and participates in the nonspe-
cific immune defense. As a radical, NO displays high reactivity in a large
number of processes attributed to both beneficial and harmful reactions. As
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a steady stream of reports continue to expand its sphere of action, a demand
for diverse signaling pathways arises in order to direct the pathophysiolo-
gical actions of NO. The expression of a wide variety of effects is achieved
through both coordinative interactions with metals and redox events. Reac-
tions with oxygen (O2), superoxide (O2°), and transition metals produce
various NOx species, peroxynitrite (ONOO™), and metal-NO adducts, re-
spectively. Additional nitrosative chemistry at nucleophilic centers broadens
signaling pathways. However, for simplistic considerations, NO signaling
can be categorized by cGMP-dependent versus cGMP-independent second-
ary pathways.

In this chapter, we only briefly describe the generation of NO and its main
physiological effects, especially in relation to soluble guanylyl cyclase acti-
vation. We then focus on the NO-induced covalent modification of the
glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
paying attention to the interaction of NO-derived redox species with protein
thiols, i.e., S-nitrosothiol formation. Finally, NO toxicity, identified as an
apoptotic killing mechanism associated with accumulation of the tumor
suppressor p53, is considered as a possible pathophysiological NO-mediated
signaling mechanism.

2 Nitric Oxide-Releasing Compounds and Carbon Monoxide

Nitric oxide-releasing compounds, generally termed nitrovasodilators, have
been used for more than 100 years in the treatment of congestive heart
failure, pulmonary hypertension, angina pectoris, fibrinolytic therapy, and
blood pressure control. It was in 1977 that the mechanism of action of such
compounds as nitroglycerin became apparent. These agents, while releasing
NO, activate soluble guanylyl cyclase (Schultz et al. 1977; Arnold et al.
1977), a heterodimeric heme protein with a molecular mass of 150 kDa.
Activation of the enzyme is achieved by NO, or in some cases through
S-nitrosothiol intermediates, via the formation of an NO-heme interaction
eliciting a conformational change that enhances the enzyme’s catalytic ac-
tivity (Waldman and Murad 1987; Tremblay et al. 1988; Schmidt 1992).
Human platelets have been a preferred model for studying signal trans-
duction mechanisms related to NO. After being produced in response to
soluble guanylyl cyclase activation, cGMP is mainly under the control of
various phosphodiesterases, degrading the second messenger to its inactive
5’-GMP derivative. The signaling of cGMP is mainly attributed to cGMP-
dependent protein kinases, however, which become activated in response to
increasing concentrations of the second messenger. Cyclic GMP kinases
classified as types I and II are found in a number of different cells and are
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most abundant in smooth muscle, platelets, and cerebellum (Lincolin and
Cornwell 1993). A distinctive pattern of phosphorylated proteins occurs in
response to an activated cGMP-dependent protein kinase, causing vascular
relaxation and inhibition of platelet aggregation in response to NO-releasing
compounds. Recent findings suggest that phosphoproteins associated with
actin filaments and focal contact areas serve as potential targets for regula-
tion by cGMP-dependent protein kinases in human platelets (Reinhard et al.
1992). In addition to activating protein kinases, cGMP directly regulates
cyclic nucleotide-gated ion channels and participates in visual as well as
olfactory transduction. cGMP-responsive channels have also been identified
in the pineal gland and the kidney (Walter 1989; Yau 1994).

Lipophilic cGMP analogs, inhibitors of soluble guanylyl cyclase or phos-
phodiesterase blockers, are valuable pharmacological tools mimicking NO
actions. A possible interference with these agents substantiates the sugges-
tion that activation of cGMP-dependent protein kinases is a cardinal mech-
anism of the signal transduction pathway of NO.

Activation of soluble guanylyl cyclase is achieved not only by NO, but
also by another gaseous molecule, carbon monoxide (CO). The initial obser-
vation goes back to 1987, when we reported activation of soluble guanylyl
cylase and concomitant cGMP formation as the underlying mechanism
explaining inhibition of platelet activation by CO (Briine and Ullrich 1987;
Briine et al. 1990). Originally stating that our finding may have neither
physiological nor major toxicological implications, it seemed relevant to
establish soluble guanylyl cyclase as being present as a ferrous hemoprotein.
However, CO has recently been proposed as another neurotransmitter in the
brain, taking part in long-term potentiation (Verma et al. 1993; Zhuo et al.
1993). Since its only physiological source is through the action of heme
oxygenase types 1 and 2, the mRNA for these enzymes has been searched
for, and for heme oxygenase type 2 it has been found selectively localized in
distinctive brain regions. However, information about enzyme activity, for-
mation, and degradation of the putative stable messenger CO is rather
limited (see Dawson and Snyder 1994 for references).

Pharmacologically used NO donors are organic nitrates (i.e., nitro-
glycerin, NTG), sodium nitroprusside (SNP), 3-morpholinosydnonimine
(SIN-1), S-nitrosothiols (i.e., S-nitrosoglutathione, GSNO or S-nitrosocys-
teine, CysNO), and the recently introduced NONOates (compounds contain-
ing the N(O)NO™ functional group). Figure 1 shows some of the NO-releas-
ing compounds.

Although all preserve NO in their molecular structure and all exhibit
biological activity after NO release, these prodrugs vary considerably in
their chemical nature. Variations in their biological activity and pharmaco-
kinetic profile arise in part from differences in bioactivation, chemical
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Fig. 2. Potential oxidation and reduction reactions of nitric oxide and possible target interac-
tions as a framework of NO responses in biological systems

stability, and enzymatic clearance (Bennett et al. 1994). Biological activities
associated with cytochrome P450 as well as the glutathione-S-transferase
system seem to be involved in the enzymatic release of NO from several of
these prodrugs. Some compounds like SNP do not necessarily require bio-
transformation prior to the release of NO. Additional variations which have
to be considered in using nitrovasodilators are related to the NO redox
species liberated from the individual compounds. For example, SNP may
decompose spontaneously in the presence of light, or a one-electron reduc-
tion process may support decomposition, with thiol or even superoxide
acting as reductants (see Noak and Murphy 1991 for references). As SNP
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contains NO®* (NO radical) or NO* (nitrosonium) bound to a ferrous ion
coordinated with five cyanide anions, the release of cyanide prior to NO has
to be considered, causing unwanted side effects (Bates et al. 1991). Decom-
position of SIN-1 generates stoichiometric amounts of superoxide and NO®
at the same time, leading to the diffusion-controlled formation of peroxyni-
trite, which initiates reactions apart from those of authentic NO. During the
breakdown of S-nitrosothiols the sulfur-nitrogen bond theoretically breaks
up, either homolytically or heterolytically, generating either nitrogen mono-
xide (NO®) or nitrosonium (NO%). Therefore, "NO donors" may generate
different NO-related compounds with distinctive chemistry. Multiple inter-
actions with targets via a rich redox and additive chemistry producing an
array of chemical species with unique properties may reveal the physiologi-
cal and pathophysiological faces of NO (Stamler et al. 1992). A summary of
the one-electron redox chemistry of NO® generating NO* and NO™ (nitroxyl
anion), respectively, is given on the left side of Fig. 2. Secondary reactions
of NO°®, NO*, and NO~ with nucleophilic centers (Nu”; i.e., thiol anions,
RS”), oxygen, metals (M), iron-sulfur enzymes, hydrogen peroxide, and
superoxide are exemplified on the right side of the figure. Transnitrosation
reactions, homolytic cleavage of the S-NO bond, oxidation of thiol groups,
and the distinctive chemistry related to ONOO™ or its protonated form
(ONOOH), i.e., hydroxy radical ("OH) and NO2"-like reactions, are envi-
sioned.

The unique property of nitrosonium-tetrafluoroborate (BF4NO), deliver-
ing exclusively NO™ during hydrolysis, is indicated in the upper left of
Fig. 2. The integration of this complex chemistry is fundamental to the
understanding of current NO biochemistry, illuminating cGMP-dependent
and especially cGMP-independent reactions related to thiol group modifica-
tion and NO toxicity.

3 Enzymes Generating Nitric Oxide

Observations made at the beginning of the century suggested that human
beings synthesize oxides of nitrogen, as detected in the urine (Mitchell et al.
1916). This observation was verified and extended in the early 1980s; it was
shown that mammals produce NO3~ and that the formation of this NO-oxi-
dation product is enhanced by endotoxin treatment (Tannenbaum et al. 1978;
Green et al. 1981). By 1985, evidence for induced nitrite and nitrate syn-
thesis in murine macrophages was provided (Stuehr and Marletta 1985).
Next, l-arginine was identified as the substrate for these metabolites, and the
conversion of the substrate to various nitrogen oxides turned out to be
closely associated with macrophage-induced cytotoxicity (Hibbs et al.
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1987). In the meantime, the role of NO as a biologically active intermediate
of acetylcholine-mediated smooth muscle relaxation accounting for endo-
thelium-derived relaxing factor (EDRF) activity was advanced (Furchgott
and Zawadzki 1980). However, it was not until 1987/1988 that the similarity
between EDRF and NO was appreciated (Palmer et al. 1987, 1988). A nearly
complete overlap between the biological properties of EDRF released from
endothelial cells and the chemical properties of NO is now well established
(Ignarro 1990; Feelisch et al. 1994).

Biological and pharmacological characterization of the NO release pro-
cess and purification and intensive molecular studies of individual NOS
(nitric oxide synthase) isoenzymes provided major insights into endogenous
NO formation and its mechanism of action. A number of reviews published
on this subject in recent years may serve as a general reference for more
detailed information (Nussler and Billiar 1993; Knowles and Moncada
1994; Snyder 1992; Nathan and Xie 1994a; Schmidt and Walter 1994;
Stamler 1994; Marletta 1994).

For NOS, eight cDNA sequences have been reported deriving from three
known NOS genes in four species. Enzymes have been isolated and cloned
from neurons, endothelial cells, and macrophages. However, these isoforms
are not restricted to only one organ or one cell type, making a classification
of isoenzymes according to cell-type designation exceedingly confusing. A
nomenclature based on a combination of names and genes and/or numbers is
now widely accepted (see Nathan and Xie 1994a for references). NOS
isoenzymes are grouped as shown in Table 1.

For reasons of simplicity, NOS isoforms can be categorized by descrip-
tive terms based on the dependence on intracellular calcium transients re-
quired for_full activity: (a) a constitutive form regulated by calcium tran-
sients (Ca”" requirement above the resting value, which is normally around
100 nM) and calmodulin, which leads to the release of NO over several
minutes, and (b) a cytokine-inducible, calcium-independent isoform ex-

Table 1. Nomenclature for classification of isoenzymes

Numerical Descriptive  Definition
| ncNOS Activity depends on Ca*" above the "resting” level;
first identified in neurons
II iNOS Activity is independent of Ca®* above the "resting" level
m ecNOS Activity depends on Ca®* above the "resting” level;

first identified in endothelial cells

The "resting” level of calcium is normally around 100 nM.
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pressed in many cell types after challenge with immunological or inflamma-
tory stimuli, generating large amounts of NO for up to several days.

The reaction catalyzed by NOS is the oxidation of l-arginine to produce
citrulline and stoichiometric amounts of NO. Besides the substrate, the
reaction requires molecular oxygen and reducing equivalents in the form of
NADPH. All NOS isoenzymes are P450-like hemoproteins, contain binding
sites for FAD (flavin adenine dinucleotide) and FMN (flavin mononucleo-
tide), and carry out a five-electron oxidation of the substrate in the presence
of tetrahydrobiopterin. Multiple transcriptional as well as translational con-
trol mechanisms allow augmentation or suppression of NO production,
providing for fine tuning of NO formation, accumulation, and action (Na-
than and Xie 1994b).

Several NOS inhibitors are used to interfere pharmacologically with NO
production and to trace back individual actions to the NO signaling system.
Structurally, most of these inhibitors are analogs of the naturally occurring
substrate l-arginine, with no preference for either the constitutive or the
inducible form. NG—monomethyl-l-arginine (NMMA) is just one classical
example of an NOS inhibitor. NO-liberating drugs in combination with NOS
inhibitors thus provide important biochemical tools, because they permit
investigation of the role of NO in diverse pathophysiological situations.

4 Nitric Oxide in the Brain

Nitric oxide is a unique messenger that is not stored, but rather synthesized
on demand with actions that are not confined to anatomical structures but
rather restricted by transcellular diffusion. This makes NO an interesting -
messenger in the brain. The existence of NO in the brain was first demon-
strated in cerebellar slices that, upon activation, released a factor with
properties resembling those of NO; also, high amounts of NOS activity were
recognized in the cerebellum (see Garthwaite et al. 1988 Garthwaite 1993;
Dawson and Snyder 1994 for references). In the cerebellum NOS is present
in granule cells as well as in basket cells, but is absent from Purkinje cells.
Cyclic nucleotide levels increase severalfold in response to activation of the
N-methyl-d-aspartate (NMDA) subtype of the glutamate receptor that is
present on granule cells and basket cells and which conceivably triggers the
formation of NO that diffuses to the adjacent Purkinje cells to activate
soluble guanylyl cyclase. Attention has now shifted to identification of
possible roles of NO production in response to stimulation of excitatory
amino acid receptors. In the central nervous system a participation in synap-
togenesis, sensory input processing, neurotransmitter release, synaptic plas-
ticity and learning, has been postulated. A function of NO in the peripheral
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nervous system may be in the myenteric plexus and throughout the whole
gastrointestinal pathway. In the latter, NO is released by stimulation of
nonadrenergic-noncholinergic (NANC) neurons, mediating relaxation of the
intestines as one component of peristalsis. Moreover, NO mediates vasodila-
tion in the cerebral arteries released from both endothelial cells and the
autonomic nerves within the adventitia.

In the nervous system, NO engenders several characteristics of an unusual
neurotransmitter: It is synthesized on demand only; it diffuses to surround-
ing cells; and it binds to its intracellular receptor, soluble guanylyl cyclase,
causing cGMP-mediated downstream effects.

5 Nitric Oxide and Neurotoxicity

Although the numerous physiological roles of NO, including those in the
nervous system, are well substantiated, excessive production of NO in re-
sponse to inflammatory cytokines or continuously elevated excitatory amino
acids in the brain suggest pathophysiological roles in excito- and neurotox-
icity, migraine, epilepsy, stroke, and other neurodegenerative diseases:

In the central nervous system, massive glutamate release and/or accumu-
lation underlies neurodegenerative disorders, including ischemic hypoxic
insults and Alzheimer’s and Huntington’s diseases (Lowenstein and Snyder
1992; Choi 1993; Dawson and Snyder 1994). Obviously, NO plays a central
role in neuronal damage, although the precise mechanism by which NO
overproduction kills neurons remains to be clarified. Continuous NMDA
receptor stimulation, followed by pronounced NO formation, apparently
constitutes the initiating process, as either NMDA receptor-blocking agents -
or NOS-inhibitors decrease the toxic insult. Mechanisms of toxicity seem to
overlap with the cytotoxic actions of macrophage-derived NO. Free radical
formation and energy depletion as a result of mitochondrial iron-sulfur
enzyme inhibition, and NAD™ depletion resulting from activation of poly-
ADP-ribosyltransferase, are likely involved in the destructive process
(Zhang et al. 1994). An as yet unresolved paradox is the fact that NOS-con-
taining neurons are selectively spared from various neurotoxic insults, in-
cluding NO.

6 Cytotoxic and Cytostatic Effects of Nitric Oxide

The release and action of EDRF is the main physiological regulatory system
controlling vascular tone. In septic shock and chronic inflammation, there is
apparently an overproduction of NO. As a result of the induction of the
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high-output system for NO, a severe life-threatening hypotension is mani-
fested. Impaired or dysregulated cell functions related to massive NO gener-
ation are linked to important vascular diseases such as atherosclerosis,
hypotension, and diabetes, as well as to reperfusion injury, bypass surgery,
and transplantation. Moreover, it is plausible that NO production is part of
the nonspecific defense system directed against intracellular parasites,
microbes, tumor cells, and alloantigens (Reddy et al. 1983; Nussler and
Billiar 1993). NO formation may also be induced in the target cell itself, i.e.,
during autodestruction of tumor cells, B-cell damage, epithelial autotoxicity,
and macrophage elimination (Heiss et al. 1994; Ankarcrona et al. 1994;
Albina et al. 1993). NO may also suppress lymphocyte and smooth muscle
proliferation. The mechanisms by which NO generates a cytostatic or cyto-
toxic effect include inhibition of iron-sulfur proteins of mitochondrial respir-
ation, inhibition of aconitase, inhibition of ribonucleotide reductase,
GAPDH-modification, DNA deamination reactions, inhibition of protein
synthesis, toxic radical formation when NO combines with superoxide, and
alterations of the intracellular iron status (Henry et al. 1993; Schmidt and
Walter 1994; Nathan 1992; for references). Examples of conditions linking
NO to toxicity are type-I diabetes mellitus, when pancreatic B-cells become
irreversibly damaged (Kroncke et al. 1993; Fehsel et al. 1993; Eizirik et al.
1993), or cardiac dysfunction (Schulz et al. 1992).

The unique chemical properties of NO determined by the ambient redox
milieu that can convert NOe to NO™ or NO™ cause a variety of biological
responses, conferring on NO the ability to act as a physiological regulator
molecule or as a toxic agent. Classically, the l-arginine:NO pathway in
macrophages acts as a primary defense mechanism against tumor cells,
intracellular micro-organisms, and pathogens. The beneficial roles of NO
may turn into potentially toxic actions when macrophage NO becomes
involved in cell killing. As NO turns out to be cytotoxic in some and
cytostatic in other cells, the sensitivity to NO varies considerably from one
cell to another. This might depend on cellular characteristics, including
dependence on iron-sulfur enzymes, total energy stores, free radical defense
systems, repair mechanisms, and the vulnerability of intracellular targets
towards NO.

7 NAD': A Multifunctional Molecule

NAD" (nicotinamide-adenine-dinucleotide), a molecule composed of ADP
(adenosine-diphosphate), ribose, and nicotinamide either acts as a redox
cofactor or a substrate cofactor, or participates as a precursor of an intracel-
lular messenger in the following reactions:
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— As a hydride acceptor of dehydrogenase reactions

— As a precursor for cyclic ADP-ribose

— As a cofactor for NAD™ glycohydrolases

— As a cofactor for mono-ADP-ribosylation reactions

— As a cofactor for poly-ADP-ribosylation reactions

— In the covalent NO-dependent modification of GAPDH

NAD™ functions mainly as a redox cofactor for oxidation-reduction reac-
tions utilized by a variety of dehydrogenases and reductases that occupy
critical positions in metabolic pathways. Dehydrogenase reactions catalyze
the transfer of hydrogen and electrons to NAD™, producing NADH. Revers-
ible formation of NADH is thereby coupled to the formation of ATP in the
mitochondrial respiratory chain. However, under anaerobic glycolytic con-
ditions, glyceraldehyde-3-phosphate dehydrogenase produces ATP, when
NAD acts as a redox cofactor linked to the conversion of glyceraldehyde-3-
phosphate to 3-phosphoglycerate.

NAD™ is decomposed by glycohydrolases, breaking up the B-glycosidic
bond and producing free ADP-ribose, nicotinamide, and a proton. Free
ADP-ribose is known to ADP-ribosylate proteins in a nonenzymatic fashion
(Hilz et al. 1984). Studied examples are actin, for which nonenzymatic
ADP-ribosylation at a cysteine residue inhibits actin polymerization (Just et
al. 1994), or a mitochondrial protein that becomes labeled in response to
oxidants (Richter and Frei 1988). NAD" is also consumed by enzymes that
produce cyclic ADP-ribose (Lee 1994). Cyclic ADP-ribose is known to
interact with the ryanodine receptor at the sarcoplasmic reticulum, promot-
ing calcium release from intracellular stores in a manner analogous to
inositol 1,4,5-trisphosphate.

Beyond these functions, the ADP-ribose portion of NAD" is used by
mono- and poly-ADP-ribosyltransferases during the post-translational
modification of proteins. ADP-ribosylations are ubiquitous, and the high
group transfer potential of the 3-glycosidic bond between nicotinamide and
ribose drives these reactions. Nuclear poly-ADP-ribose synthase, also
referred to as poly-ADP-ribose polymerase, transfers ADP-ribose to hi-
stones, chromatin, or the enzyme itself, and then elongates the ADP-ribose
chain in a linear or branched polymer. The physiological function of the
nuclear enzyme includes the regulation of DNA repair and probably regu-
lates the conformation of the chromatin. In addition, a role during transcrip-
tion and cell differentiation has been reported. The enzyme has a specific
requirement for ends of DNA strands. Intact DNA does not activate the
poly-ADP-ribose polymerase. Nicotinamide, benzamide, and its derivative,
3-aminobenzamide, are valuable pharmacological inhibitors (Althaus and
Richter 1987; Jacobson and Jacobson 1989).
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Mono-ADP-ribosylations occur in bacteria, viruses, plants, animals, and
human beings. Reactions are visualized by the action of bacterial toxins and
endogenous mammalian enzymes. All known transferase reactions seem to
transfer ADP-ribose from NAD™ to individual amino acid residues like
arginine, histidine, asparagine, and cysteine. Heterotrimeric G proteins, low-
molecular-weight G proteins, cytoplasmic actin, or other specific proteins
like the eukaryotic elongation factor 2 serve as substrates for ADP-ribosyl-
ation reactions catalyzed by a large number of bacterial toxins. Examples are
cholera toxin, pertussis toxin, pseudomonal toxin, and botulinus toxin. Alter-
ations brought about by bacterial toxins are well documented, because their
pathophysiological actions affect cell function and are often related to severe
medical symptoms. Endogenous mono-ADP-ribosyltransferases have been
characterized and isolated. Although some of them utilize the same target
proteins as the bacterial toxins, detailed physiological functions remain
obscure (see Jacobson and Jacobson 1989 for references).

8 GAPDH: A Target for Nitric Oxide Action

In 1989 we showed that NO induces an NAD™-dependent modification of
the glycolytic enzyme GAPDH (Briine and Lapetina 1989). Initially, we
incubated human platelet cytosol with [32P]NAD+ in the presence of NO-re-
leasing compounds and observed the radioactive labeling of a 39-kDa pro-
tein. Increased incorporation of radioactivity in the presence of NO donors
like SNP or SIN-1 was time and dose dependent, with maximal modification
of the protein after 90-120 min. Protein modification withstood SDS gel
electrophoresis (SDS-PAGE) performed under reducing conditions occur-
ring not only in platelet cytosol but also in the 1001000xg supernatant of
various rat tissues (brain, liver, heart, and lung). Consistently, the 39-kDa
protein was the most prominent one modified, showing the greatest stimula-
tory response towards NO donors. Although a few other proteins were
radioactively labeled as well, their activity was marginal compared with that
of the 39-kDa protein. To determine whether NO generated from an active
NOS would cause a comparable protein modification, we used rat cerebel-
lum cytosol fortified with all cofactors needed to continuously activate the
constitutive brain enzyme (Dimmeler and Briine 19912. The active brain
NOS stimulated incorporation of radioactivity from [ 2P]NAD+ into the
39-kDa protein, while NOS inhibitors blocked protein labeling. Thus, an
active NOS and several chemically distinct NO-releasing compounds share
the ability to promote radioactive labeling of a cytosolic 39-kDa protein in
the presence of [32P]NAD+.
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Unexpectedly, the reaction was independent of a cGMP response. This
was rationalized, as neither was activation of soluble guanylyl cyclase in-
volved, nor did cGMP or lipophilic cGMP analogs substitute for NO-lib-
erating agents in stimulating this reaction. A direct cGMP-independent
signaling pathway was envisioned. Since hemoglobin blocked the action of
EDRF/NO, we used the hemeprotein for the purpose of capturing NO,
thereby again linking the 39-kDa protein modification to NO actions. In-
creasing concentrations of hemoglobin dose dependently suppressed the NO
donor-induced radioactive labeling of the 39-kDa protein. We considered
this further proof that NO directly signals this NAD"-dependent covalent
protein modification. Other groups, working with brain tissue (Duman et al.
1991; Williams et al. 1992), confirmed our initial results. In homogenates
and cytosol from rat brain SNP and an actlve bram NOS caused the labeling
of a 39-kDa protein in the presence of [ P]NAD Additionally, in rat
cerebral cortex the NO donor SNP stimulated the incorporation of radioac-
tivity from [ P]NAD into several proteins, a 36-kDa protein being the
most prominent one. Moreover, a 41-kDa protein became modified in re-
sponse to NO-releasing agents in Dictyostelium discoideum (Tao et al.
1992).

The identity of the 39-kDa protein with the glycolytic enzyme glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) was revealed when the purified
protein was subjected to N-terminal sequence analysis. The first 29 amino
acids of the protein purified from human platelet cytosol and the N-terminal
portion of GAPDH matched completely (Dimmeler et al. 1992). Moreover,
the homogeneous purified protein showed GAPDH enzyme activity, which
is lost in the presence of NAD" and NO-releasing compounds. It was
1nterest1ng to note that the modification of the purified protein with
[ P]NAD and NO-donating agents occurred in a time- and dose-dependent
manner, indicative of an automodification process. Two other groups estab-
lished the identity of the 39-kDa protein as GAPDH as well, working with
brain and erythrocyte cytosolic fractions, respectively (Zhang and Snyder
1992; Kots et al. 1992).

In1t1al characterization of the reaction leading to increased incorporation

of [ P]NAD radioactivity into GAPDH seemed consistent with an ADP-
ribosylation reaction (Briine and Lapetina 1989; Kots et al. 1992; Zhang and
Snyder 1992). This notion came from the following observations:
a) Free ADP-ribose does not serve as a cofactor for thls reactlon
b) Snake venom phosphodiesterase cleavage of the [ P]NAD -modified
protein releases 5’-AMP;
¢) GAPDH as a major protein on the surface of group A streptococci trans-
fers the ADP-ribose moiety of NAD™ to free cysteine. This reaction
requires the cleavage of the B-glycosidic bond in NAD" in analogy to
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bacterial toxin-catalyzed ADP-ribosylation reactions (Pancholi and Fi-
schetti 1993);

d) There is a close correlation between GAPDH ADP-ribosylation and in-
hibition of the enzyme from Dictyostelium discoideum (Tao et al. 1994).

Contrary to the well-established notion that GAPDH is the predominant
target for this NO-driven automodification in various cells and tissues, the
exact mechanism behind this covalent modification using [32P]NAD+ is still
being debated. In some experiments labeling of GAPDH is observed using
[*2PINAD* or [U-"*C]NAD", but not when [carbonyl-*CINAD™ is em-
ployed as a substrate (Kots et al. 1992; Dimmeler and Briine 1992). A recent
study, however, proposed the covalent binding of the whole molecule NAD”"
to GAPDH, as NO-releasing agents like SNP promote some radiolabeling of
GAPDH with [nicotinamide—1 CINAD* (McDonald and Moss 1993). Sub-
sequent reports indicate that GAPDH, depending on assay conditions such
as pH value and cofactor composition of the buffer, generates free ADP-1i-
bose (Tao et al. 1993). More stringent assay conditions may additionally
direct the transfer of ADP-ribose from NAD™ to various amino acids, event-
ually giving rise to incorporation of radioactivity from [32P]NAD+ into
GAPDH in an NO-independent fashion (Tao et al. 1993; Zocchi et al. 1993).

Although NO-induced GAPDH modification resembles some features of
ADP-ribosylation reactions, conditions for optimal protein modification are
different from those employed in the toxin-labeling assays. This especially
applies for compounds like ATP and thymidine and for high phosphate
concentrations (Briine and Lapetina 1990). In contrast, other agents like
NADPH, normally not involved in ADP-ribosylation reactions, drastically
enhance GAPDH labeling carried out using human platelet cytosol (Briine et
al. 1992).

9 GAPDH Labeling Systems

GAPDH modification can be studied easily using cytosolic fractions of
various cells or employing the commercially available purified enzyme.
Nitric oxide-releasing compounds may be used as the driving force to
enhance protein modification in the presence of [32P]NAD+. Normally,
reactions are run for 30-90 min, followed by protein precipitation, separ-
ation of the protein(s) by 11% SDS-PAGE, and detection of radioactivity
using the phosphor imager system. Alternatively, a permanently active con-
stitutive brain NOS may generate sufficient NO to enhance modification of
GAPDH. This is exemplified using rat cerebellum cytosol (Dimmeler and
Briine 1991) and in rat brain with the addition of purified constitutive NOS
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(Zhang and Snyder 1992). Besides proving that catalytically active NOS
provides enough NO, the use of NOS inhibitors, while blocking GAPDH
modification, substantiates the participation of the constitutive NO-forming
enzyme. Taking into account that a permanently active constitutive NOS in
vitro lacks the regulatory calcium component, we performed experiments
focusing on GAPDH modification by activating the inducible NOS. The
pancreatic 3-cell line RINmSF responds to the cytokine interleukin-1 (IL-1)
with an increased output of nitrite, stemming from the inducible NOS
isoform (MeBmer and Briine 1994). In RINmSF cells treated with IL-1,
GAPDH enzyme activity decreases by roughly 50% compared with controls,
whereas NOS inhibitors restore the catalytic activity completely (Dimmeler
et al 1993) Along with decreased activity, one also finds less incorporation
of [ P]NAD into GAPDH in the cytosolic fraction of IL-1-treated cells.
This may reflect endogenous modification of the enzyme, which is less
responsive to the [ P]NAD modification in the cytosol afterwards. In
recent experiments with homogenates from stimulated hippocampus, SNP-
induced ADP-ribosylation was reduced at preconvulsive stage II and stage V
(tonic-clonic seizures) of dentate gyrus kindling, compared with controls
(Vezzani et al. 1994). As suggested, this probably reflects enhanced endo-
genous ADP-ribosylation, depending on the progressive activation of the
NMDA receptors and the continued generation of NO. Besides probing for
GAPDH modification using cytosolic fractions and cellular systems, we also
studied advanced in vivo systems. Mice were injected with bacterial endo-
toxin (LPS) known to generate NO by an active cytokine-inducible NO
synthase. GAPDH enzyme activity was significantly reduced in cytosolic
fractlons of heart and spleen, and incorporation of radioactivity from
[ P]NAD into the protein was similarly decreased (Dimmeler et al. 1994).
These experiments establish an association of GAPDH modification in vivo
with enhanced NO production.

10 Nitric Oxide Redox Species

Nitrogen monoxide (NO") is susceptible to both oxidation and reduction,
which produce nitrosonium (NO™) or nitroxyl anion (NO), respectively
(Stamler et al. 1992; for references). The efficacy of various NO-releasing
compounds in inducing GAPDH modification compared with their NO®-re-
leasing potency revealed inconsistencies. Rates of NO® release and the
extent of GAPDH modification seemed to be independent. For example,
spermine-NO decomposes, releasing NO® with a half-life of roughly
40 min, while producing moderate GAPDH modification. In contrast, SNP
causes efficient GAPDH modification but releases only a small amount of
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NO®. Another exception is SIN-1; it releases ONOO™ but gives rise to very
efficient protein modification. With the notion that thiols (DTT) enhance
GAPDH modification induced by most NO-donating agents, we proposed a
mechanism involving NO*. To verify the role of NO* and S-nitrosylation of
active site thiol we probed the chemical mechanism of post-translational
modification of GAPDH using nitrosonium tetrafluoroborate (BE4NO)
(Mohr et al. 1994). BE4NO is unique, in that it hydrolyzes under controlled
conditions in aqueous solution, producing only NO BF4NO efficiently
causes GAPDH modification in the presence of [ P]NAD These experi-
ments implicate NO* as the species transferred to the active-site thiol,
causing an S-nitrosylated intermediate, which then leads to the covalent
modification of the enzyme in the presence of radioactive NAD*. For maxi-
mal labeling studies, BF4NO, in contrast to to SNP or SIN-1, does not
require another thiol compound to be present. Application of thiol together
with BE4NO attenuates GAPDH modification due to competing S-nitrosat-
ing reactions with DTT, present to a much greater degree than enzyme.
Considering conflicting results regarding the mechanism of GAPDH modi-
fication using SIN-1, which is believed to produce peroxynitrite, we exam-
ined the effect of ONOO™ in greater detail (Mohr et al. 1994). Interestingly,
for ONOO™ induced GAPDH modification, thiols (DTT) are ultimately
required. With thiols (DTT) in relative excess to peroxynitrite, conditions
are conducive to formation of RS-NO. Therefore, the likely scenario emplo-
ying SIN-1 or peroxynitrite directly probably involves S-nitrosation of DTT,
followed by NO™ donation to the reactive thiol of GAPDH. In contrast, when
peroxynitrite is present in relative excess to thiols (DTT), it oxidizes protein
thiols to sulfenic, sulfinic, and sulfonic acids (Radi et al. 1991), thereby
inhibiting subsequent covalent modification of GAPDH by [ 2P]NAD Our
fmdmgs are in keeping with a role for nitrosonium (NO* ) or nitronium
(NOz")-like species in the process that initiates covalent [ P]NAD -de-
pendent GAPDH modification (Molina y Vedia et al. 1992). The present
concept proposes that S-nitrosylation precedes, and thereby inititates, the
covalent protein modification and emphasizes the role of NO group transfer
chemistry during NO signaling.

11 The Cofactor NAD" Versus NADH

Recent studies indicate that GAPDH modification is stimulated by RS-NO
and related nitrosating agents, rather than by NO* itself. The transfer of NO™
to active-site thiol (S-nitrosylation) promotes subsequent modification by
NAD™*. We attempted to reconcile nitrosative chemistry with GAPDH modi-
fication; the reaction mechanism seemed much more rational if NADH,
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NAD NADH

SNP (200 uM) + + + o+
DTT (2.5 mM) - + - +
Fig. 3. Covalent modification of GAPDH by SNP in the presence of NAD" and NADH.
GAPDH (10 pg/assay) was incubated at 37°C for 20 min m 100 mM Hepes buffer, pH 7.5,
containing 10 pM NAD*/NADH and 2001000 cpm of [ P]NAD+/[ PINADH in a total
volume of 65 pl, with dithiothreitol (DTT) and sodium nitroprusside (SNP) as indicated.

Preparation of samples and detection of radioactivity were performed essentially as described
by Mohr et al. (1994)

rather than NAD™, was the substrate. To test the hypothesm radioactive
NAD* was enzymatically reduced to produce [ P]NADH followed by
HPLC purification. Using a standard GAPDH modification assay with thiol
(DTT) and SNP present, it turned out that NADH was much more potent at
causing radioactive enzyme modification (Fig. 3). The labeling is estimated
on the basis of the same amount and specific radioactivity of the cofactors
[>?PINAD" and [*2P]NADH.

Reduction of NAD" to NADH makes the nicotinamide moiety susceptible
to nitrosative (NO™) attack. One would envision transnitrosation from ac-
tive-site RS-NO to NADH (NO™ attacks C5 of the nicotinamide moiety),
thereby facilitating protein thiolate attack on the nucleotide (e.g., attack at
C6 of the nicotinamide moiety or making nicotinamide a better leaving
group, e.g., attack at ribose C1’) (Mohr et al., unpublished data). The pro-
posed reaction sequence allows for binding of the whole molecule NAD"
(McDonald and Moss 1993), at the same time explaining the hydrolysis of
the B-glycosidic bound of NAD", as reported by others (Pancholi and Fischetti
1993).

12 The Role of Thiols

Free, low-molecular-weight thiols and protein thiol groups are critical fac-
tors influencing NO-mediated GAPDH modification (Briine and Lapetina
1990). Thiol addition suppresses basal, i.e., in the absence of NO donors,
observed enzyme modification (Briine and Lapetina 1990; McDonald and
Moss 1993; Tao et al. 1993). In contrast, the NO-stimulated reaction is
dramatically enhanced by thiols, DTT again being most effective (Briine and
Lapetina 1990; Vaidyanathan et al. 1993). However, DTT at concentrations
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of 5 mM or higher reversed the stlmulatory effect of NO-releasing com-
pounds in modifying the enzyme with [3 PINAD* (McDonald and Moss
1993). Competing S-nitrosylation of DTT, rather than the attack of NO™ at
GAPDH, may explain this effect. Alternatively, one can speculate about the
reversibility of the reaction in the presence of high thiol concentrations.

For some NO donors, such as SNP, thiols are required to promote the
one-electron-driven release of NO from the compound, whereas in with
others, e.g., BF4NO, thiols blunt the reaction. This seems rational, assuming
S-nitrosothiol formation of NO* with competing excessive thiols rather than
GAPDH (Mohr et al. 1994). Reduced protein thiol groups, especially cys-
teine 149 in the active site of GAPDH, are a prerequisite for NO-stimulated
enzyme modification. Any oxidation of critical protein thiols would auto-
matically decrease incorporation of radioactivity associated with Cys-149.
When investigating the effect of ONOO, this needs to be considered. In this
case thiols are primarily required to suppress the oxidation of protein thiol
groups. A similar explanatlon applies for SIN-1, when thiols consistently
increase [3 PINAD*-dependent GAPDH labeling.

Protein thiol groups are key factors during covalent modification of
GAPDH induced by NO* and NAD*/NADH. Post-translational protein modi-
fications resembling ADP-ribosylation reactions or ADP-ribosylation-like re-
actions are characterized by the stability of the newly formed ADP-ribose-pro-
tein or NAD+—pr0tein bond to HgCly, neutral hydroxylamine, and alkali.
Covalent modification of GAPDH involves thiol groups, as indicated by the fact
that radiolabel incorporated into the protein is sensitive to HgCly cleavage
(Dimmeler and Briine 1992; McDonald and Moss 1993). A concentration of
2-10 mM HgCly, incubated at 37°C for up to 60 min with [ 2P]NAD+ labeled
GAPDH, removed more than 90% of the radioactivity associated with GAPDH.
The sensitivity towards hydroxylamine or alkali was negligible. However,
pertussis toxin ADP-ribosylated cysteine residues of human platelet mem-
branes seem much more labile toward mercury cleavage compared with the
GAPDH situation. The use of thiol-blocking agents such as dithionitrobenzene
or N-ethylmaleimide (Briine and Lapetina 1990; Dimmeler et al. 1992) hin-
dered basal as well as NO-stimulated GAPDH modification, further substantiat-
ing the role of reduced protein thiol groups during covalent, post-translational
modification of the glycolytic enzyme GAPDH.

Compatible results came from experiments using the sesquiterpene anti-
biotic koninjic acid (McDonald et al. 1993). Koninjic acid binds with some
preference to GAPDH at the Cys-149 of the active site and thereby blocks
NO-stimulated enzyme modification. Although other dehydrogenases share
with GAPDH the active-site thiol group and the NAD" binding site, they do not
respond in a way comparable to GAPDH (Zhang and Snyder 1992; Dimmeler
and Briine 1993). Use the thiol alkylating agent N-ethylmaleimide (NEM) to
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inhibit enzyme activity of several dehydrogenases revealed that, compared
with alcohol dehydrogenase (ADH) or lactate dehydrogenase (LDH),
GAPDH was much more sensitive towards inhibition. This is paralleled by
the degree of NO-stimulated dehydrogenase modification, GAPDH being
much more susceptible than ADH, while LDH did not respond at all (Dim-
meler and Briine 1993). The focus on GAPDH is due at least partly to its
intracellular prevalence; however, it also presents itself as an exceptional
target due to its remarkably sensitive protein thiol group(s). Thus, the reac-
tive Cys-149 at the active site of GAPDH is the most likely target for
covalent NO-stimulated enzyme modification and is known for its extreme
sensitivity towards all kinds of oxidants (Claiborne et al. 1993; Schuppe-
Koistinen et al. 1994; for references). Oxidation of Cys-149 is easily
achieved using various organic or inorganic peroxides, or is observed under
"oxidative stress conditions". Oxidative modification of GAPDH is associ-
ated with the generation of intramolecular disulfides, sulfenic acids, or
oxidant-specific S-thiolation. Oxidation of Cys-149 leads to decreased
enzyme activity, although in a reversible manner only.

For NO-stimulated GAPDH modification the amount of radioactivity
stemming from [32P]NAD+ which is bound to the protein-reactive cysteine
residue varies considerably. The amount of activity incorporated into
GAPDH ranges from below 1% up to 45%, calculated as the molar pro-
tein/NAD" ratio (Dimmeler and Briine 1992; Briine et al. 1994; McDonald
and Moss 1993; Tao et al. 1994). For stoichiometric considerations, one has
to take into account the 3gortion of cold/unlabeled NAD" bound to the
protein. The amount of [ PINAD" attached to the enzyme 1s underesti-
mated by the amount of cold NAD* when radioactivity is measured.

NAD*-dependent, NO-stimulated reactions do not seem to be restricted to
GAPDH modification. In human neutrophils, actin becomes ADP-ribo-
sylated when [>2P]NAD" is used in the presence of NO (Clancy et al. 1993),
whereas in an NG108-15 (mouse neuroblastomarat glioma somatic hybrid
cell) cell homogenate (Boyd et al. 1993) NO promotes the NAD" labeling of
poly-ADP-ribose polymerase. In brain, NO-stimulated endogenous ADP-
ribosylation has been linked to long-term potentiation (Duman et al. 1993),
and changes in the ADP-ribosylation status of some hippocampal proteins
are linked to kindling progression (Vezzani et al. 1994).

13 The Role of GAPDH as a Multifunctional Enzyme

NO-dependent inactivation of the glycolytic enzyme GAPDH by an auto-
modification process in the presence of NAD" seems relevant not only in
vitro, but also in intact cells and in whole animals. Besides its normal
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function in glycolysis, GAPDH may also be involved in one of the following
functions unrelated to its glycolytic activity (see references in Briine et al.
1994; Antonietta de Matteis et al. 1994; Ravichandran et al. 1994):

— Binding and transport of tRNA associated with nuclear localization of
GAPDH

— DNA-repair activity, i.e., uracil DNA glycosylase

— Activation of transcription in neurons

— Interaction with tubulin and microtubules

— Transport of nitric oxide

- Serving as a substrate for brefeldin A-stimulated ADP-ribosylation

— Serving as a major constitutent of synaptic vesicles

— Representing a target for S-thiolation during the generation of hydrogen
peroxide

Some of these alternative functions of GAPDH, just like NO-mediated
modification of the enzyme, are related to the NAD -binding site of the
protein. Therefore, it will be intriguing to search for the significance of these
activities in relation to cGMP-independent NO actions.

NO-dependent modification of GAPDH, as well as S-thiolation of the
enzyme, inhibits enzyme activity (Dimmeler et al. 1993; Ravichandran et al.
1994). However, assuming that GAPDH is a non-rate-limiting glycolytic
step, it remains to be established whether these post-translational modification
mechanisms alter the metabolism of glucose through glycolysis, thereby affect-
ing the overall rate of energy production. Our preliminary data obtained from
studying macrophage cell death after iNOS induction would imply that neither
inhibition of iron sulfur enzymes like aconitase nor inhibition of the glycolytic
activity of GAPDH directly signals for cell destruction (MeBBmer and Briine,
unpublished). Therefore, alternative GAPDH functions in relation to NO
actions need to be addressed. Alterations in the intracellular distribution of
GAPDH after NO application have been observed (unpublished results), and
variations in the GAPDH protein level seem achievable in response to hypoxia
(Graven et al. 1994). The functional explanation of these observations re-
mains to be clarified, however.

14 Texicity of Nitric Oxide

Nitric oxide is a pathophysiological mediator, and, as a potentially toxic
molecule, NO can cause cell death. Neuronal cells and pancreatic islets, i.e.,
B-cells, are highly susceptible to endogenously formed or chemically gener-
ated NO (Dawson and Snyder 1994; Lipton et al. 1993; Kroncke et al. 1993;
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Delaney et al. 1993; Dawson et al. 1993). Mechanistically, NO may cause
DNA-deaminating reactions (Wink et al. 1991), or it may cause toxicity, at
least in part, by reaction with superoxide anion, apparently leading to the
formation of ONOO™ (Beckmann 1991). Generally, a pathophysiological
action of NO can be defined by a relative excess of one or more of the
following compounds:

— NOx reaction products of NO and oxygen

-~ M-NO reaction products of NO and metal centers

~ ONOO' reaction product of NO and superoxide

As these products are at the same time intermediates during the physiologi-
cal NO signaling cascade, the term "relative excess” seems to describe the
regulatory device between physiology and toxicity. The toxicity of NO
depends on the chemistry it undergoes in a given biological/cellular milieu,
which may vary considerably among cellular systems. Reactions are deter-
mined by the relative concentration of reaction partners as well as by the
capacity of cellular defense systems.

Cell death is believed to occur by one of two mechanisms: (a) necrosis or
(b) apoptosis. Necrotic cells typically exhibit distinctive morphological and
biochemical characteristics. Early changes include swelling of the cytoplasma
and organelles, especially the mitochondria, with only slight changes in the
nucleus. Cellular changes ultimately lead to organelle and cell dissolution,
allowing the intraorganelle and cytoplasmic contents to leak out into the extrac-
ellular space. Altered ion homeostasis due to a disappearance of membrane
ion-pump activities may be the result of direct membrane damage, or it may be
secondary to energy depletion. There is a rapid decrease in protein, RNA, and
DNA levels. DNA is exposed to lysosomal nucleases, causing DNA degrada-
tion. Fragments display a continuous spectrum of sizes. Necrosis typically
affects a group of cells, and an inflammatory response usually develops in
adjacent viable tissue in response to the cellular debris released from lysed
cells (Schartzman and Cidlowski 1993; Orrenius et al. 1988).

The term apoptosis was introduced by Kerr and co-workers in 1972 (Kerr
et al. 1972) to describe a morphologically distinct, spontaneous form of cell
death occurring under various conditions. The word "apoptosis" comes from
the ancient Greek apo (away from, with the implication of separation) and
the root prosis (to fall). Apoptosis describes the process of "falling off, being
separated,” as leaves fall away from trees. Death occurs spontaneously in
many cases and can be induced by physiological or noxious stimuli. The idea
that cell killing is self-programmed leads to the expression "programmed
cell death” as another name for this process. Apoptosis must be regarded as
a basic physiological process that serves as the counterpart to cell division by
mitosis. Discrete stages characterize the death pathway. First, nuclear and
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cytoplasmic condensation as characteristic morphological alterations are
observed. The cell forms localized protrusions of the cell surface, which
separate into multiple membrane-bound bodies, also known as "apoptotic
bodies", containing nuclear remnants and intact organelles. In the second
stage these cell fragments are phagocytosed and rapidly degraded by neigh-
boring cells (Schwartzman and Cidlowski 1993; Corcoran et al. 1994; for
references). In contrast to necrosis, apoptosis usually occurs in isolated,
single cells, without giving rise to inflammatory responses in the surround-
ing tissue. Although morphological criteria remain an important standard for
documentation of apoptosis, DNA cleavage patterns as biochemical markers
of apoptosis have been established. DNA fragmentation begins early in the
death process, appearing several hours before cell viability starts to decline.
DNA from apoptotic cells is separated by agarose gel electrophoresis into a
"ladder" of fragments, generated by an endonuclease cleaving the linker
regions of DNA into 180- to 200-bp fragments and multiples of these
fragments. However, biochemical markers, i.e., DNA ladder formation, are
not an ultimate necessary sign of apoptosis (Collins et al. 1992).

For NO, both necrotic and apoptotic cell death pathways seem feasible.
Although exact conditions are difficult to compare, apoptosis and necrosis
may occur either concurrently or sequentially. A determinant may again be
the cellular redox milieu.

For neuronal cells formation of NO is linked to toxicity (Dawson and
Snyder 1994). This also applies for glutamate neurotoxicity, which is attri-
butable, at least in part, to NOS activation evoked by elevated intracellular
calcium. Experiments have been done with inhibitors of NOS, calmodulin
antagonists, and reduced hemoglobin, all of which attenuate neurotoxicity,
linking cell death and NO formation. Superoxide dismutase, which
scavenges the superoxide anion, decreases glutamate and NO-mediated tox-
icity, which implies the reduced oxygen radical Oz  and concomitant
ONOO™ formation in components of this process (Dawson and Snyder 1994;
Lipton et al. 1993). Contradictory reports providing evidence that NO may
protect neurons exist (Lipton et al. 1993). Different NO species are at-
tributed to both beneficial and harmful reactions. NO* is considered to
protect neurons by causing S-nitrosylation of the NMDA receptor, not
allowing glutamate stimulation, whereas ONOO™ seems involved in cell
killing. Recently obtained evidence suggests that DNA damage is the key to
NO neurotoxicity (Zhang et al. 1994). Damaged DNA activates the nuclear
enzyme poly-ADP-ribose synthetase, utilizing NAD™ in order to form ADP-
ribose polymers attached to histones and the enzyme itself. As a conse-
quence, cellular ATP would be depleted, leading to cell death (Dawson and
Snyder 1994). Accordingly, cell lysis, measured mostly by the trypan blue
exclusion assay as an indication of cell death, represents necrosis rather than
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apoptosis. In contrast, for at least some cells, such as RINm5F cells (cell line
of pancreatic origin), mast cells, and macrophages, NO-mediated cell death
occurs by apoptosis (Albina et al. 1993; Sarih et al. 1993; Kitajima et al.
1994; Ankarcrona et al. 1994). Islet DNA as a target for inflammatory attack
by NO has been proposed, although apoptotic DNA fragmentation was not
evidenced in experiments with endonuclease inhibitors (Fehsel et al. 1993).
Our experiments show that IL-13 induces apoptosis in the pancreatic B-cell
line RINmSF (Ankarcrona et al. 1994). DNA fragmentation into the typical
DNA ladder, nuclear condensation, and apoptotic body formation are un-
questionable indications of apoptosis. The production of NO precedes the
appearance of these typical features, whereas NOS inhibitors blocked IL-1[3-
induced cell death. NO production activates the cell death program, which
seems relevant for type-I, insulin-dependent diabetes mellitus (IDDM) when
pancreatic B-cells are progressively destroyed as a consequence of an auto-
immune process. The finding that both DNA fragmentation and apoptotic
body formation were prevented by NOS inhibitors supports the role of NO
generation by an inducible NOS for triggering apoptosis in this system. A
role of NAD™ depletion consequent to DNA damage as a prerequisite for
islet cell lysis is still being debated (Radons et al. 1994).

For macrophage cell death, activation of endogenous NO generation or
exogenously applied NO causes apoptosis. Morphological criteria as well as
biochemical analysis revealed characteristic apoptotic features (MeBmer and
Briine, unpublished). Cytokine-elicited apoptosis was prevented by blocking
the inducible NOS by NMMA, establishing a link between NO formation
and cell destruction. A chemically heterogeneous group of NO-releasing
compounds like SNP, SIN-1, SNAP, spermine-NO, and DEA-NO produce a
time- and concentration-dependent effect. However, compound specific dif-
ferences became apparent, related to the biological half-life of these com-
pounds and the NO redox species being set free. Apoptosis induced by
exogenous NO sources was effectively antagonized by activation of protein
kinase C using phorbol esters (TPA), or by application of lipophilic cAMP
analogues.

With respect to the mechanism proposed for NO toxicity, its interaction
with protein thiol groups, iron sulfur proteins, and a direct DNA-damaging
activity seems plausible. The latter, regardless of whether it is induced by
radiation or by drugs such as etoposide, can result in apoptosis. Expression
of wild-type p53, a tumor-suppressor gene, seems to be closely linked to
apoptosis caused by most of the DNA-damaging agents. Recently, we dem-
onstrated that NO, either endogenously generated by the inducible NOS in
macrophages (RAW 264.7) and B-cells (RINmS5F) or exogenously supplied
by various NO-releasing compounds, caused p53 accumulation (MeBmer et
al. 1994). Accumulation of p53 clearly preceded apoptotic cell death, with
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Fig. 4A,B. DNA fragmentation and p53 accumulation induced by NO-releasing compounds.
RAW macrophages were incubated with S-nitrosoglutathione (1 mM GSNO) and sodium
nitroprusside (1 mM SNP). A Detection of p53 (4 h incubation) and B visualization of DNA
fragmentation (8 h incubation) were performed essentially as described by MeSmer et al.
(1994)

NOS inhibitors preventing NO formation as well as p53 expression. As exem-
plified in Fig. 4, there is NO-induced DNA fragmentation, visualized by DNA-
agarose gel electrophoresis, and p53 accumulation in response to the NO donor
GSNO and SNP.

Accumulation of p53 may have the dual role of causing cell cycle arrest
via downstream genes and stimulating DNA repair directly. However, intra-
nuclear p53 accumulation following DNA damage can also be part of the
signaling to apoptosis, either by directly acting on the DNA or, again, by
causing cell cycle block (MeBmer et al. 1994; for references). Accumulation
of p53 in response to NO - together with previous evidence that NO can
cause growth arrest and cell necrosis and confers antitumor properties —
supports the notion that NO may signal different forms of cell death, i.e.,
apoptosis versus necrosis. This may depend on the cell type and/or the
steady-state concentration of the NO redox species involved.

15 Summary and Conclusions
Nitric oxide signaling is achieved through both cGMP-dependent and

cGMP-independent mechanisms. The latter are exemplified by protein thiol
modification followed by subsequent NAD*-dependent automodification of
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the glycolytic enzyme GAPDH, or by mechanisms inducing accumulation of
the tumor suppressor gene p53 and causing apoptotic cell death. Both
cGMP-independent actions are initiated using NO-releasing compounds and
an active LPS/cytokine-inducible NO synthase. NO-synthase inhibitors
block the release of NO and hinder downstream signaling mechanisms; they
are therefore valuable pharmacological tools linking a defined cellular re-
sponse to various NO actions.

Signal transducing ‘mechanisms elicited by NO can be studied using
GAPDH as a representative example of NO-induced protein modification
and are grouped as follows:

~ S-Nitrosylation reactions initiated by NO*

~ NAD"-dependent, post-translational covalent automodification of GAPDH

~ Oxidative modification (thiol oxidation) and inhibition of GAPDH by
NO-related agents, probably ONOO™

GAPDH and several other protein targets may serve as molecular sensors of
elevated NO concentrations and may transmit this message through post-
translational modification and oxidation-induced conformational changes as
cGMP-independent NO signaling pathways.

Toxicity of NO seems to be linked to both apoptosis and necrosis, depend-
ing on the chemistry of NO it undergoes in a given biological milieu.
Toxicity manifests as a relative excess of NOx, metal-NO interactions, and
ONOO' formation in relation to cellular defense systems. Although accumu-
lation of the tumor-suppressor gene product pS3 in response to NO opens a
regulatory mechanism known to be involved in apoptotic cell death, cGMP-
independent signaling pathways remain to be elucidated. As NO-dependent
modification of GAPDH would imply down-regulation of glycolysis and
concomitant energy production followed by cell death, our data so far do not
support this assumption.

In recent years, NO has proved to be a beneficial messenger with a
potentially toxic activity. It will be challenging to investigate NO biochem-
istry in closer detail and to elucidate how NO targets biological systems,
especially in relation to its pathophysiological role.
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1 Introduction

The past decade has seen a series of remarkable studies suggesting that
oxidation of low-density lipoprotein (LDL) might be a risk factor in atheros-
clerosis. Many reviews published recently in journals (Juergens et al. 1987;
Steinberg et al. 1989; Steinbrecher et al. 1990; Bruckdorfer 1990; Lyons
1991; Carpenter et al. 1991; Esterbauer et al. 1992; Leake 1993; Esterbauer
and Juergens 1993; Aviram 1993; Halliwell 1993; Chait and Heinecke 1994)
and in books (Gebicki et al. 1991; Haberland and Steinbrecher 1992; Chi-
solm 1992) reflect the considerable interest in this new concept. Early
atherosclerotic lesions are characterized by massive accumulation of lipid-
laden foam cells in the subendothelial space of arteries. Most of the foam
cells are derived from monocyte-macrophages, and much of the interest in
oxidized LDL (oLDL) stems from the discovery that it exhibits in vitro
properties which could explain the immigration of monocytes into the arte-
rial wall, their differentiation into resident macrophages, and their conver-
sion to foam cells. Most significant in this respect is the fact that oLDL
bypasses the normal tight control exercised by the classical LDL receptor
but is avidly endocytosed via the scavenger receptor pathway of macro-
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phages. It may also be very significant that oLDL contains highly cytotoxic
lipid peroxidation products; the release of such diffusible toxins from oLDL
deposited in the arterial wall would be a constant irritant for the endothelial
cell layer and would provoke a number of other deleterious effects, such as
endothelial cell death, platelet aggregation, release of growth factors, dis-
turbances of eicosanoid homeostasis, accumulation of inflammatory cells,
and increased infiltration of LDL. Inhibition by oLDL of endothelial-derived
relaxing factor (EDRF)-mediated relaxation of smooth muscle cells, the
immunogenicity of oLDL, and the stimulation (preferentially by minimally
oxidized LDL) of endothelial cells to express and/or release a number of

Table 1. Biological effects of minimally (MM-LDL) and extensively oxidized LDL

1. Unregulated uptake by macrophages, induction of foam cell formation (reviewed in
Steinberg et al. 1989).
. Cytotoxic to fibroblasts, EC and SMC (reviewed in Chisolm 1992).
. Chemotactic for monocyte (Quinn et al. 1987) and SMC (Autio et al. 1990).
. MM-LDL stimulates release of monocyte-chemotactic protein-1 (MCP-1) from EC
(Cushing et al. 1990).
5. MM-LDL increases adhesion of monocytes to EC (Berliner et al. 1990; Kim et al. 1994).
6. Systemic administration into hamster initiates immmediate leukocyte adhesion to capil-
lary endothelium (Lehr et al. 1991).
7. MM-LDL stimulates expression of colony stimulating factors for monocytes (MCSF) and
granulocytes (GCSF) by EC (Rajavashisth et al. 1990).
8. MM-LDL injected into mice increases serum and tissue levels of MCP-1 and CSF (Liao
et al. 1991).
9. Increases tissue factor (TF) expression by cultured EC and suppresses protein C (Drake et
al. 1991; Weis et al. 1991).
10. Increases EC expression of plasminogen activator inhibitor-1 (Kugiyama et al. 1993).
11. Inhibits production of platelet-derived growth factor (PDGF) by monocyte-macrophages
(Malden et al. 1991) and endothelial cells (Fox et al. 1987).
12. Increases PDGF expression by smooth muscle cells (Zwijsen et al. 1992a; Stiko-Rahm et
al. 1992).
13. Inhibits tumor necrosis factor (TNF) expression by monocyte-macrophages (Hamilton et
al. 1990).
14. Stimulates release of interleukin-1 beta from monocyte-macrophages (Thomas et al.
1994a).
15. Induces in monocytic cells expression of interleukin-8 and activates T-lymphocytes
(Frostegard et al. 1992; Terkeltaub et al. 1994).
16. Stimulates (low concentration) or inhibits prostacyclin production by smooth muscle cells
(Zhang et al. 1990; Daret et al. 1993).
17. Induces increased expression of stress proteins by macrophages (Yamaguchi et al. 1993).
18. Inhibits endothelial cell dependent arterial relaxation (Ohgushi et al. 1993) and inhibits
NO activation of guanylate cyclase (Schmidt et al. 1990).
19. Is immunogenic and induces formation of antibodies (Palinski et al. 1989).
20. Reduces motility of macrophages and may thus inhibit egression of macrophages and
foam cells from the arterial lesion (Quinn et al. 1987).

W N

EC, Endothelial cells; SMC, smooth muscle cells.
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Fig. 1. Hypothetical scenario of events triggered by mildly and extensively oxidized LDL in
the arterial wall. Mildly oxidized LDL (MM-LDL) mediates recruitment of monocyte-macro-
phages (Mc) in the subendothelial space by stimulation of endothelial cells (EC) to release
monocyte chemotactic protein-1 (MCP-I), endothelial leukocyte adhesion molecule (ELAM),
and monocyte colony stimulating factor (MCSF). Increased release of tissue factor (TF) can
induce platelet aggregation. Uncontrolled uptake of extensively oxidized LDL (Ox-LDL) by
macrophages (M) leads to foam cells and plaques. Aggregated oxidized LDL and oxidized
LDL immunecomplexes are endocytosed via the scavenger receptor or by phagocytosis.
Cytotoxic products of oxidized LDL cause endothelial cell injury, vasoconstriction, and
immune response (EDRF, endothelial derived relaxing factor; SMC, smooth muscle cells)

foam cell

biologically active factors such as monocyte chemotactic proteins, endothe-
lial leukocyte adhesion molecules (ELAMS), and growth factors for mono-
cytes also support the hypothesis that the atherogenicity of LDL increases
when it becomes oxidized.

Furthermore, it has been shown that oLDL can activate T lymphocytes in
atherosclerotic lesions (Frostegard et al. 1992) and stimulate proliferation of
smooth muscle cells by inducing the expression of the gene coding for the
A-chain of platelet-derived growth factor (Zwijsen et al. 1992a). Table 1
lists biological effects of minimally (or mildly) and extensively oxidized
LDL that have so far been reported. Taken altogether, these data on func-
tional and biological properties of oxidized LDL strongly support the hypo-
thesis of its atherogenic role. Fig. 1 shows a hypothetical scenario of events
initiated by olLDL in the arterial wall.
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Table 2. Prooxidants mediating oxidation of LDL in absence of cells

System Reference

Cu™ ions (CuSOs, CuCly) Reviewed in Esterbauer et al. (1992)
Ceruloplasmin (native, with 7 cu™) Ehrenwald et al. (1994)

Iron in transferrin (acidic pH) Lamb and Leake (1994)

Hem in presence of H202 or lipid peroxides Balla et al. (1991)

Peroxynitrite Graham et al. (1993)

Hypochlorite Panasenko et al. (1994); Hazell et al. (1994)

Peroxyradicals from AAPH or AMVN Bowry and Stocker (1993);
Noguchi et al. (1993); Sato et al. (1990)

Defined oxygen radicals (OH, HO2) Bonnefont-Rousselot et al. (1993)

Thiols in presence of Cu® or Fe** Heinecke et al. (1993);
Sparrow and Olszewski (1993)

Lipoxygenases (sojabean Lox, 15-Lox) Sparrow et al. (1988); Cathcart et al. (1991);
Belkner et al. (1993); Kiihn et al. (1994)

Horseradish peroxidase + H202 Wieland et al. (1993)
Myeloperoxidase + H20; * CI’ Stelmaszynska et al. (1992);
Panasenko et al. 1994; Savenkova et al. (1994)
Cholesterol oxidase Aviram (1992)
UV-B-light Salmon et al. (1991);

Negre-Salvayre and Salvayre (1992)

LDL oxidation can be initiated in vitro by its incubation with macro-
phages, endothelial cells, smooth muscle cells, or lymphocytes (for review
see Gebicki et al. 1991; Chait and Heinecke 1994) or in a cell-free system
utilizing a variety of prooxidants such as lipoxygenase, myeloperoxidase,
defined oxygen radicals, UV light, gamma irradiation, heme, copper ions, or
hypochlorous acid (Table 2). Traces of transition metals in free form or in
redox-active complexes are generally agreed to be essential for producing
oLDL with the properties described above. The mechanism of initiation and
progression of LDL oxidation in vivo is largely a matter of speculation. It is
believed to occur not in the circulation but within the arterial wall itself,
where LDL is sequestered by proteoglycans and other extracellular matrix
constituents (Steinberg et al. 1989; Haberland and Steinbrecher 1992). LDL
isolated from the arterial wall shares some functional and biological proper-
ties with LDL oxidized in vitro (reviewed in Esterbauer et al. 1992).

It is one thing to demonstrate altered biological properties of oLDL, but it
is quite another thing to study the complex chemistry of LDL oxidation, to
analyze the structure of the large number of oxidation products, and to
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identify the substances in oLDL responsible for the various biological ef-
fects. This topic, although of central importance for the oxidation hypo-
thesis, has so far not received the broad attention it would deserve, and thus
the nature of the "atherogenic" compounds in oLDL is largely unknown.

Oxidation of LDL is a lipid peroxidation chain reaction driven by free
radicals. As such, LDL oxidation possesses the general characteristics of
lipid peroxidation reactions and free radical reactions. What makes the
process and its dynamics so complex is the fact that all components of LDL,
i.e., antioxidants, phospholipids, cholesteryl ester, triglycerides, and apoli-
poprotein B, participate at certain stages, leading to multiple secondary and
tertiary reactions.

This contribution focuses mainly on in vitro oxidation of LDL by Cu**
ions. It is generally believed that LDL oxidized by copper ions exhibits
biological properties very similar, if not identical, to those of cell-oxidized
LDL.

2 Composition of Native LDL

Human LDL is defined as the population of lipoproteins which can be
isolated from plasma by ultracentrifugation within a density gradient of
1.019-1.063 g/ml. LDL molecules are large spherical particles with a
diameter of 19—25 nm and molecular weights between 1.8 and 2.8 million,
with an average of 2.5 million. The mean chemical composition (weight%)
deduced from various reports (reviewed in Esterbauer et al. 1992) is 22.3%
phospholipids, 5.9% triglycerides, 9.6% free cholesterol, 42.2% cholesteryl
ester, and 22.0% protein. The lipid and fatty acid composition is shown in
Table 3. The mean total cholesterol content is 34.7%. Based on a molecular
weight of 2.5 million, each LDL particle would contain about 1600 mole-
cules of cholesteryl ester and 170 molecules of triglycerides, which form a
central lipophilic core. The core is surrounded by a monolayer of about 700
phospholipid molecules and 600 molecules of free cholesterol. The main
phospholipids are phosphatidylcholine (63%) and sphingomyelin (26%). Of
importance for the oxidation resistance of LDL might be the plasmalogen
content. The major one is ethanolamine plasmalogen, which was reported to
act as an antioxidant (Vance 1990; Engelmann et al. 1994). The total amount
of fatty acids in an LDL molecule is roughly 2600, and about one half of
them are polyunsaturated fatty acids (86% linoleic acid 18:2, 12% arachi-
donic acid 20:4, 2% docosahexaenoic acid 22:6). The standard deviations in
Table 3 indicate a rather strong variation in fatty acid distribution, which
might be significant for the variation observed in the oxidation resistance of
LDL.
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Table 3. Lipid composition and individual fatty acids in native LDL. [Compiled from data in
Esterbauer et al. (1992) and references given in the footnotes]

nmol/mg LDL protein mol/mol LDL

mean 1SD mean

Total phospholipids 1300 +227 700
Phosphatidylcholine 818 450
Phosphatidylethanolamine 19 10
Lysophosphatidylcholine ? 30 16
Sphingomyelin 336 185
Ethanolamine plasmalogen b 43 24
Choline plasmalogen 4 2
Triglycerides 304 +140 170
Free cholesterol 1130 + 82 600
Cholesteryl ester 2960 1220 1600
Total cholesterol 4090 2200
Free fatty acids 48 26
Palmitic acid 1260 1375 693
Palmitoleic acid 80 + 4 44
Stearic acid 260 +118 143
Oleic acid 825 1298 454
Linoleic acid 2000 1541 1100
Arachidonic acid 278 +100 153
Docosahexaenoic acid 53 + 31 29
Total fatty acids 4756 2616
Total PUFAS 2330 1280

2 Jougasaki et al. (1992)
" Sommer et al. (1992)

The antioxidants contained in LDL are listed in Table 4. On a molar base,
the amount of o-tocopherol, by far the major one, is 11.58 nmol/mg protein,
equal to about 6 molecules per LDL particle. Ethanolamine plasmalogen
amounts to 24 molecules/LDL, but it remains to be determined whether it
indeed shows chain-breaking antioxidant activity in LDL. All other com-
pounds with potential antioxidant activity such as carotenoids and ubiquinol
are present in much smaller amounts than o-tocopherol. The reported ubi-
quinol-10 content varies widely from 0.1 to 1.0 mol/mol LDL. A number of
studies by Stocker’s group (Stocker et al. 1991; Mohr et al. 1992; Bowry and
Stocker 1993) revealed that ubiquinol protects LDL more efficiently than
o-tocopherol against oxidation. Tribble et al. (1994) showed that dense
LDL, which is more susceptible to oxidation than buoyant LDL, contains
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Table 4. Antioxidants in native LDL. [Data in upper part of the table are from Esterbauer et
al. (1992); the ubiquinol data are from the references given in the footnotes]

Antioxidant nmol/mg LDL protein mol/mol LDL
mean +SD mean

o-Tocopherol 11.58 +3.34 6.37
¥Tocopherol 0.93 40.36 0.51
B-Carotene 0.53 10.47 0.29
o-Carotene 0.22 +0.25 0.12
Lycopene 0.29 +0.20 0.16
Cryptoxanthine 0.25 +0.23 0.14
Cantaxanthine 0.04 +0.07 0.02
Lutein + zeaxanthine 0.07 10.05 0.04
Ubiquinol-10 0.18 10.18 0.10
ubiquinol-10 (buoyant LDL) * 0.24 +0.14 0.12
ubiquinol-10 (dense LDL) * 0.14 +0.12 0.07
ubiquinol-10° 0.64 4028 0.32
ubiquinol-10 + ubiquinone-10 © 1.08 +0.30 0.54
ubiquinol-10 ¢ 1.0-2.0 05-1.0

2Tribble et al. (1994) (n=8)

® Frei and Gaziano (1993) (n= 62)

° Kontush et al. (1994) (n= 20)

4 Stocker et al. (1991); Bowry and Stocker (1993); Mohr et al. (1992)

significantly less ubiquinol. About 85% of ubiquinol-10 is in the reduced
form; the remaining part is ubiquinone-10.

An excellent recent article by Yang and Pownall (1993) reviewed the
structure and function of the apolipoprotein B of LDL. Apo B is one of the
largest monomeric proteins known; the single polypeptide chain contains
4536 amino acids, with a calculated molecular weight of 512.937 daltons.
The number of amino acid residues per apo B are Ala 266, Asp plus Asn 478,
Arg 148, Cys 25, Glu plus Gln 529, Gly 207, His 115, Ile 288, Leu 523, Lys
356, Met 78, Phe 223, Pro 169, Ser 393, Thr 298, Trp 37, Tyr 152, and Val
251. The apo B is glycosylated, and the carbohydrate content can amount to
9-10 weight% of apo B, with galactose, mannose, N-acetylglucosamine, and
sialic acid residues. Camejo et al. (1985) reported that the sialic acid content
is important for the sequestering of LDL by proteoglycans in the arterial
wall. Of the 25~ cysteine residues, it is likely that seven have the free
sulfhydryl group, whereas the rest form disulfide bonds. Two of the sulf-
hydryl groups are exposed to the LDL surface and they could play a role in
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reductive activation of transition metal ions, e.g., Cu**+ RSH—Cu*+ 12
RSSR.

A final important fact is that LDL with the buoyant density 1.019-
1.063 g/ml consists of subfractions differing in size, molecular weight, density,
and composition (Kraus 1991; Esterbauer et al. 1992; Campos et al. 1992).
Most individuals (about 75%) belong to phenotype A, characterized by an LDL
profile with predominance of larger and less dense LDL (1.025-1.038 g/ml).
Individuals with phenotype B (about 25% of a population) have an LDL profile
with predominance of smaller and denser LDL (d 1.038 g/ml). Epidemiologi-
cal studies have shown that phenotype B is associated with an increased risk of
myocardial infarction and coronary artery disease. A possible explanation for
the higher atherogenicity of the dense LDL predominant in phenotype B might
be that it is more susceptible to oxidation than the less dense LDL (De Graaf et
al. 1991; Tribble et al. 1992).

3 Principles of Lipid Peroxidation

Oxidation of LDL is a free radical-driven lipid peroxidation process. It starts
with the removal by an initiating radical X* of a hydrogen atom from one of
the polyunsaturated fatty acids (PUFAS) contained in the LDL lipids, ac-
cording to reaction 1 and Fig. 2b (note that LH in reactions is a PUFA bound
to one of the LDL lipids). The rate of hydrogen removal (Ri) determines the
rate of initiation. This initiation is one of the key steps. However, despite
intensive work, the nature of the short-lived primary radical X" is still a
mystery in most in vitro systems (e.g., copper-mediated oxidation) and even
more in vivo. Once formed, the carbon-centered lipid radical L°® reacts very
quickly with molecular oxygen, yielding a lipid peroxyl radical LOO"® (reac-
tion 2). The LOO® radical, in turn, abstracts a hydrogen atom from an
adjacent lipid LH, yielding a lipid hydroperoxide LOOH and a new lipid
radical L® (reaction 3). This reaction is termed chain propagation and pro-
ceeds with a given rate constant kp.

An interesting feature of such chain reactions is that a single initiating
event (reaction 1) could convert a large number of lipids to lipid hydroperoxides.
The number of lipid molecules oxidized per one initiated radical X* depends on
several factors, especially on the presence of antioxidants (reaction 4) and the rate
of chain termination, when two LOQ® radicals combine to form nonradical
products (reaction 5). The nonradical products (NRP) produced in reaction 5 by
the Russel mechanism are ketones and secondary alcohols with conjugated
double bonds, singlet oxygen, and light (Fig. 2b). If the system contains anti-
oxidants, for example vitamin E (TOH), the LOO° radical can be scavenged
according to reaction 4, with the consequence that the chain is terminated,
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Fig. 2a,b, Major reaction steps during the inhibited (a) and uninhibited (b) phase of LDL
oxidation. LH, a lipid (e.g., cholesteryl ester or phospholipid) containing an oxidizable
polyunsaturated fatty acid; LOO"®, a lipid peroxyl radical; LOOH, a lipid hydroperoxide (e.g.,
cholesteryl-13-hydroperoxy-octadecadienoic acid); TOH, TO®, tocopherol and tocopheroxyl
radical; ASC, ASC”®, ascorbate and ascorbyl radical.

a The antioxidants TOH and ASC inhibit chain propagation by scavenging LOO radicals. LH
is converted only slowly to LOOH.

b Uninhibited lipid peroxidation at a fast rate commences when the LDL is depleted of
antioxidants. Note that this is a chain reaction. The structure of the nonradical products (NRP)
produced by recombination of two LOO radicals is also shown

because the tocopheroxyl radical TO® has very low reactivity and, under most
conditions, does not propagate the lipid peroxidation chain. If ascorbate is
present, it recycles vitamin E by reducing the TO® radical to TOH (Fig. 2a).
reaction 1: initiation

LH+ X" =R 1° xH
reaction 2: oxygen addition

L® + 0, rate very fast 00°

reaction 3: chain propagation

LOO®+LH XPp» LOOH +L*
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reaction 4: scavenging of LOO® by antioxidants
LOO® + TOH-—X »LOOH + TO*

reaction 5: termination via the Russel mechanism
LOO® + LOO® k—tbnonradical products + Oz

In typical experiments the autoxidation of lipids including LDL is fol-
lowed by measuring the change of one parameter proportional to the pro-
gress of the reaction, i.e., consumption of PUFAS, consumption of oxygen,
increase of peroxides, or increase of conjugated dienes (Cosgrove et al.
1987; Niki 1987; Esterbauer et al. 1992; Noguchi et al. 1993). All methods
give more or less equivalent results, but chemists prefer methods (oxygen
uptake, dienes) which allow a continuous monitoring of the progress curves.
If the system contains antioxidants, the autoxidation proceeds in two conse-
cutive phases with quite different rates. Initially, the rate of oxidation is
slow, because the antioxidants scavenge LOO® radicals (reaction 4) and
consequently compete with the propagation. This initial phase is termed lag
time (tjph) or inhibition period. The reaction sequence in the presence of
antioxidants is shown in Fig. 2a. As the reaction proceeds, the antioxidants
are consumed with time and the rate of the competing reaction slows down.
As a consequence, the rate of propagation accelerates until a maximum rate
of the uninhibited autoxidation is reached. The reaction sequence in the
absence of antioxidant is shown in Fig. 2b. The rate of autoxidation during
the lag phase is determined by Eq. 1; the length of the lag phase is directly
proportional to the concentration of the antioxidants TOH (Eq. 2), and the
maximal rate under uninhibited conditions (i.e., when no antioxidants are
present) is described by Eq. 3.

d [LOOH] kp [LH] Rj

Vinh = = |
inh dt 1 Kinh [TOH] M

n [TOH]
tinh = length of lag-phase = ——— (2)

i

d[LOOH]  kp[LH]R;"?

- 3
dt (2%k)'"* ©)

max =

In Eq. 2 the factor n is defined as the number of peroxyl radicals LOO*
trapped by each molecule of antioxidants. For vitamin E the value n is 2,
since both vitamin E and vitamin E radical (tocopheroxyl radical) trap
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LOO". Equation 2 also shows that the length of the lag phase is inversely
proportional to the rate Rj, by which the initiating radicals are formed.

An intrinsic problem in determining rate constants in lipid peroxidation is
the uncertainty about the rate of initiation Rj, and it is clear that without
knowing R; the absolute rate constants cannot be obtained. One possibility of
overcoming this problem is to introduce into the reaction mixture a com-
pound which decomposes at a constant rate to free radicals (X') capable of
abstracting a hydrogen atom from the PUFAS according to reaction 1 and
consequently initiating the autoxidation process. The compounds most fre-
quently used for this are so-called azo-initiators (X-N=N-X), which ther-
mally decompose to highly reactive carbon-centered radicals (R"); these, in
turn, react rapidly with oxygen to give peroxylradicals (ROO®) which ab-
stract hydrogen atoms from lipids (reaction 6).

kq .
reaction 6: R - N=N-R —»2R" + N»
. fast .
R + 0, —»ROO

JrateRj
LH + ROO*——» L" + ROOH

The water-soluble azo-initiator AAPH, 2,2’-azobis-(2-amidinopropane) di-
hydrochlorid, can be used for producing radicals in the aqueous phase,
whereas the lipid-soluble AMVN, 2,2’-azobis-(2,4-dimethylvaleronitrile),

can be used to produce radicals in the lipid 5phase AAPH decomposes with
a first-order rate constant of kg = 6.6 X 107 min™ at 37°C, and the flux of
free radicals is directly proportional to the AAPH concentration.

A crucial point is that the rate of initiation (R;) by AAPH additionally
depends on the initiator efficacy (), that is, the number of primordial radicals
(X") that initiate according to the following formula:R; = (AAPH) . 2 kq . e.

The absolute measurement of the initiator efficacy by independent
methods is extremely difficult; therefore, R; is generally indirectly measured
by the so-called induction period method, based on Eq. 2. Briefly, a defined
amount of o-tocopherol or the water-soluble analog trolox is added to the
sample to be oxidized. The oxidation is initiated by AAPH, and the length
of the lag phase (tinh) is measured. The Rj value is then assumed to be:

= 2(0-tocopherol)/tinh. In the case of samples containing endogenous
vitamin E (e.g., LDL) its initial concentration is used as an internal calibra-
tion standard for Rj measurements (Mino et al. 1989; Sato et al. 1990;
Noguchi et al. 1993).

As stated above, AAPH has the advantage that any desired rate of initia-
tion can be adjusted by variation of the AAPH concentration. For example
(Noguchi et al. 1993), 1 mM AAPH solution gives a rate of initiation (R;) of
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about 1.8 x 107 M min’. If the solution contains LDL in a concentration of
0.5%107° M, a concentration frequently used in AAPH oxidation studies
(Noguchi et al. 1993), the rate of initiation per LDL particle is only 0.036
strikes/min, or, in other words, an LDL particle is hit by a free radical only
every 27 min. In a thorough kinetic study, Noguchi et al. (1993) recently
investigated oxidation of LDL (0.5 puM) with 1 mM AAPH. The reaction
was followed by measuring vitamin E consumption, oxygen uptake, increase
of dienes, and increase of cholesteryl ester hydroperoxides and phospholipid
hydroperoxides. The reaction proceeded clearly in two distinct consecutive
phases. An inhibited lag phase, during which vitamin E was consumed, and
an uninhibited propagation phase. The kinetic chain length for formation of
cholesteryl ester hydroperoxides was 2.9 during the lag phase and 7.5 during
the propagation phase. For formation of phospholipid hydroperoxides and
oxygen consumption the kinetic chain lengths during the lag phase and the
propagation phase were 0.6/1.3 and 6.3/50, respectively. This clearly indi-
cates that vitamin E acted as a chain-breaking antioxidant. Similar results
were found for oxidation of LDL (0.5 uM) with 2 pM copper. On the other
hand, Bowry and Stocker (1993) reported that the kinetic chain length in
LDL oxidation by AAPH is higher in the presence of vitamin E than in its
absence. They also reported that vitamin E acts as a prooxidant by chain
transfer through the reaction of the tocopheroxyl radical (TO®) with a lipid
molecule as follows: TO® + LH—STOH + L°.

4 Kinetics of Copper-Induced LDL Oxidation

A large number of kinetic experiments (reviewed in Esterbauer et al. 1992)
have shown that the chronology of LDL oxidation by Cu™" ions can be
divided into three consecutive time phases: lag time (or lag phase), propaga-
tion phase, and decomposition phase (Fig. 3). During the lag phase, the LDL
becomes progressively depleted of its antioxidants, with ¢i-tocopherol as the
first one and [-carotene as the last. During this period, only minimal lipid
peroxidation occurs in LDL, as evidenced by the measurement of PUFAS,
thiobarbituric acid-reactive substances (TBARS), lipid hydroperoxides, flu-
orescence, and conjugated dienes. Macrophage-mediated LDL oxidation
shows the same time sequence. When the LDL is depleted of its antioxidants
the lipid peroxidation rapidly accelerates to a maximum rate of the unin-
hibited process given by Eq. 3. A lipid peroxide peak is reached when about
70%-80% of the LDL PUFAS are oxidized; thereafter, the peroxide content
of LDL starts to decrease again, because decomposition reactions (e.g.,
formation of aldehydes) become predominant. The kinetics of the formation
of lipid peroxides, TBARS, and fluorescence at 430 nm (excitation 360 nm)
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Fig. 3. Kinetics of copper-stimulated oxidation of LDL, measured by consumption of vitamin
E, change of 430-nm fluorescence, lipid hydroperoxides, and TBARS. 1, 2, 3, lengths of the
lag, propagation and decomposition phases, respectively. (From Esterbauer et al. 1992)

during the lag and propagation phases closely follows the diene vs. time
profile, and only after the diene maximum do the different indices separate
and follow different kinetics. The second increase of the 234-nm absorption,
seen shortly after the peroxide maximum, is due not to newly formed dienes,
but to accumulation of decomposition products absorbing at this wave-
length.

When PUFAS become oxidized to lipid hydroperoxides their isolated CC
double bonds are converted to conjugated double bonds showing strong UV
absorption at 234 nm. A convenient and very frequently used method for
continuously monitoring the process of copper-induced LDL oxidation is to
measure in a spectrophotometer the change of the diene absorption as a
function of time, as first proposed by us (Esterbauer et al. 1989; Puhl et al.
1994). A spectrometer with an autocell holder allows the measurement of six
or more LDL samples simultaneously, which has advantages for routine
analyses. A typical example of such assays is shown in Fig. 4.

The indices which can easily be derived from the diene vs. time profiles
are the lag phase (tinh, Eq. 2), the maximum rate of oxidation (Vmax, Eq. 3),
and the maximum amount of dienes formed. If the diene vs. time profile is
precisely measured, it should also be possible to determine the oxidation
rates during the lag phase (Eq. 1) and the rate of peroxide decomposition.
Many pitfalls may be encountered if conditions during copper oxidation are
not strictly controlled. The most important factors are concentration of LDL
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Fig. 4. Measurement of oxidation resistance of LDL by the conjugated diene method. LDL
(0.1 pM) isolated from three donors (a, b, ¢) in phosphate-buffered saline was mixed with
1.66 pM CuCly and the change of the 234-nm diene absorption was continuously recorded.
Oxidation resistance, as measured by the lag phase, increases from donor a to donor ¢

and Cu*™, ratio of Cu** to LDL, medium, and temperature (Kleinveld et al.
1992; Puhl et al. 1994). Most laboratories using the diene method agree that
the method shows an excellent reproducibility, for example, between runs
with the same batch of LDL the coefficient of variation for tinh and Vmax 1s
less than 5% (Kleinveld et al. 1992; Esterbauer and Juergens 1993; Puhl et
al. 1994). Nevertheless, the mean lag time for LDL from healthy controls,
reported by various laboratories in recent papers, ranges from 68 to 124 min
(Esterbauer and Juergens 1993). This wide variation probably reflects
minor, but nevertheless important, methodological differences.

The mechanism by which Cu™™ induces lipid peroxidation in LDL is still
poorly understood. It seems very likely that Cu™™ binds to discrete sites of
the apo B and forms their centers for repeated free radical production,
similar to the mechanism proposed for other biological systems (Chevion
1988). The exact number of binding sites in apo B is not known. Values
ranging from 3 to about 10 were reported (Esterbauer et al. 1992; Kuzuya et
al. 1992). Any compound which displaces copper from the apo B binding
site (e.g., EDTA, histidine, certain proteins, and many other substances) by
forming redox-inactive complexes should then inhibit or fully prevent LDL
oxidation. Such inhibitory effects of copper chelators were frequently re-
ported. Interaction of medium components with Cu** explains why lag
phases are much longer in Ham’s F10 medium than in phosphate buffer
(Thomas 1992).

Once bound, Cu** must be reductively activated by a net transfer of one
electron (reaction 7), and it is likely that the rate of this reaction is rate
limiting and equal to the rate of initiation (R;) of lipid peroxidation (reaction
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1). The rate of initiation would then also be essential for the length of the lag
phase (Eq. 2).

With LDL in phosphate buffer, the required reducing equivalents must be
provided either from apo B (e.g., cysteine residues, reaction 7b) or from the
lipids. In the latter case, the source of initiating radicals could be preformed
peroxides. The presence of small "seed” peroxides has received considerable
attention. Using highly sensitive HPLC methods, Bowry et al. (1992) re-
ported 0.0004 mol cholesteryl ester hydroperoxides (CEOOH) per mol
LDL; phospholipid hydroperoxides were below the detection limit. Thomas
et al. (1994c¢) found in fresh LDL 0.003-0.006 mol CEOQOH per mol LDL.
Significantly higher peroxide levels were reported by Frei and Gaziano
(1993). They obtained as an average value 0.24 £ 0.21 nmol CEOOH/mg
protein (mean * SD, n= 61) with a range of 0.013-0.886 nmol/mg protein.
This is equal to 0.007-0.44 mol CEOOH/mol LDL. Frei and Gaziano (1993)
also found that elevated levels of CEOOH are associated with increased
susceptibility (lag phase) of LDL to Cu*™ oxidation. It is assumed that Cu™
oxidation begins with preformed peroxides, yielding lipid peroxylradicals
(LOO®), as shown in equation 7c. Another possibility proposed by Yoshida
et al. (1994) is Cu**-mediated formation of a tocopheroxyl radical (Eq. 7d).
Whether Cu™™ indeed initiates lipid peroxidation by one of the proposed
mechanisms (reaction 7b, 7c, 7d) or by other elementary reactions remains
to be established. In case of oxidation by cells, additional reducing compo-
nents (e.g., thiols, superoxide anions) released by the cells probably enhance
the rate of site-specific reduction of Cu™" and therefore accelerate initiation.
An involvement of thiols in transition metal ion-dependent cell-mediated
oxidation was first proposed by Heinecke et al. (1987). Sparrow and Ols-
zewski (1993) recently presented evidence that oxidation of LDL by endo-
thelial cells and macrophages in media containing transition metal ions is
caused by the cell-dependent appearance of thiol in the medium. This topic
has recently been reviewed by Chait and Heinecke (1994).

. . . . ++
reaction 7: reductive activation of Cu

- rate Ri
a.Cu  +e —»Cu

b.Cut* +RSH —>Cu' + 1/2RSSR
c.Cu™ + LOOH— Cut + LOOe + HY
d.Cut"+TOH —> Cu" +TOe +H'

+

Cuprous ions (Cu™) are strong prooxidants, which probably rapidly form the
ultimate initiating radicals by a Fenton-type reaction (reaction 8a, 8b) or by
a transition complex with molecular oxygen (reaction 8c).
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reaction 8: initiation of lipid peroxidation (LPO) by Cu".

a.Cu” + LOOH —»Cu™" + OH™ + LO"—» initiates LPO

b. Cu* + HOOH —»Cu** + OH™ + OH"— initiates LPO

c.Cu" +02 —» (Cut" -07% —> initiates LPO or releases O2™°

The principle difference between AAPH- and Cu*"-induced oxidation is
that the former system produces a more or less random attack of free radicals
in LDL, whereas the latter most likely involves a site-specific mechanism,
which probably has more relevance for the in vivo situation (Gieseg and
Esterbauer 1994). Prooxidant copper and iron are present in human atheros-
clerotic lesions (Smith et al. 1992), and the copper protein ceruloplasmin is
a strong prooxidant for LDL (Ehrenwald et al. 1994). The lag phase in
AAPH oxidation is determined in the first place by vitamin E, whereas in
copper oxidation the overall lag phase most likely reflects the contribution of
all antioxidants, the rate of initiation Ri, and perhaps structural parameters of
LDL (Esterbauer and Juergens 1993; Thomas et al. 1994b).

5 Aldehydes

The decomposition of lipid hydroperoxides to aldehydes is a general phe-
nomenon in fat autoxidation and lipid peroxidation in biological systems
(Esterbauer et al. 1990). These secondary reactions are strongly accelerated
by transition metal ions decomposing lipid hydroperoxides to lipid alkoxyl
radicals in a Fenton-type reaction, e.g., LOOH + Fe**—LO®* + OH™ + Fe"**
(Fig. 5). The lipid alkoxyl radicals undergo B-cleavage reactions (homolytic
scission) of the two C-C bonds on either side of the alkoxy group, yielding
aldehydes and carbon-centered lipid radicals. If this mechanism is applied to
the phospholipid and cholesteryl ester hydroperoxides contained in oLDL,
the cleavage of the carbon bonds results in two classes of aldehydes: (a)
aliphatic aldehydes derived from the methyl terminus of the fatty acid chain
and (b) aldehyde still bound to the parent lipid molecule, i.e., so-called core
aldehydes. The cholesteryl ester core aldehydes are discussed together with
the oxysterols. Phospholipid core aldehydes are almost certainly present in
oLDL. However, they have so far not been investigated. The aliphatic
aldehydes demonstrated in oLDL are listed in Table 5. The time course of
aldehyde accumulation in LDL oxidized by copper shows a lag phase of
about 1-2 h with minimal formation of aldehydes, followed by a rapid
increase lasting about 6 h; thereafter, the aldehyde content of LDL remains
more or less constant (e.g., 4-hydroxyhexenal) or continues to increase
slightly (e.g., malonaldehyde, hexanal, 4-hydroxynonenat). All aldehydes
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Table 5. Aldehydes in LDL oxidized with copper 4-5 and 20-24 h, respectively. [Compiled
from Esterbauer et al. (1992)]

nmol / mg protein
4-5h 20-24h

Hexanal 52 229
Malonaldebyde 86 114
4-Hydroxynonenal 25 114
Nonanal 10 27
4-Hydroxyhexenal 8 49
4-Hydroxyoctenal 7 nd.
Propanal 6 nd.
Pentanal 5 nd.
2,4-Heptadienal 5 n.d.
Butanal 4 nd.
Octanal 1 5
Total aldehydes 209 538

n.d., Not determined.

listed in Table 5 except malonaldehyde are lipophilic compounds and remain
largely associated with the LDL particle (Esterbauer et al. 1987). On the
other hand, malonaldehyde exists at pH 7.4 as hydrophilic enolate anion
(TO-CH=CH-CHO) and about 80%-90% diffuses out of the LDL particle in
the aqueous phase. It should be noted that what is measured with the TBA
assay (i.e., TBARS) reflects very well the level of free malonaldehyde
measured by HPLC, suggesting that other oxidized lipids present in oLDL
interfere not at all or only to a low extent with the TBA assay.

The total amount of free aldehydes including malonaldehyde present in
LDL after 24 h oxidation is in the range of 540 nmol/mg protein. This is the
largest individual class of products identified so far in oLDL. The mol%
distribution is: 42% hexanal, 21% malonaldehyde, 21% 4-hydroxynonenal,
9% 4-hydroxyhexenal, 6% other aldehydes. The concentrations of hexanal
and 4-hydroxynonenal in the LDL lipid phase are extremely high, approxi-
mately 300 and 150 mM, respectively. Hexanal and 4-hydroxynonenal arise
from oxidation of the omega-6 PUFAS, linoleic acid (18:2) and arachidonic
acid (20:4). 4-Hydroxyhexenal and propanal arise from oxidation of the
omega-3 PUFA docosahexaenoic acid (22:6). The major, if not the only,
source of malonaldehydes are the fatty acids with more than 3 double bonds,
i.e., 20:4 and 22:6. Frankel et al. (1992) recently proposed determination of
hexanal by the rapid headspace gas chromatographic method for assessment
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of resistance of LDL to copper oxidation. The amount of hexanal found in
oLDL samples (1 mg protein/ml, 8 pM Cu*™, 37°C, 4 h) from different
donors correlated (p < 0.05, r = 0.59-0.61) with the PUFA and linoleic acid
content of LDL, but no significant correlation was seen with vitamin E. The
headspace chromatograms showed, besides hexanal, also peaks of pentane,
propanal, and pentanal. Using the hexanal assay, Frankel et al. (1993)
showed that inclusion of certain phenolic antioxidants into the LDL-copper
system can inhibit formation of hexanal up to 100%. Red wine phenolics
appear to be particularly powerful: 500- and 1000-fold dilutions inhibited
hexanal formation by 96% and 100%, respectively (Frankel et al. 1993).
H-Proton-NMR spectroscopy of lipid extracts from oLDL showed various
signals indicative for aldehydes (Lodge et al. 1993).

Various lines of research suggest (Steinbrecher 1987; Steinbrecher et al.
1987; Juergens et al. 1987; Esterbauer et al. 1992; Hoff and O’Neil 1993) that
important changes occurring in apo B during oxidation result from reaction of
aldehydes with amino acid residues. The strong increase of the 430-nm fluores-
cence of apo B and the concomitant loss of free amino groups is, for example,
likely caused by reaction of aldehydes with epsilon amino groups of lysine
residues. Similarly, the strong increase of the net negative surface charge of the
LDL particle is attributed to loss of positively charged amino groups by Schiff’s
base formation (RCHO + protein NH3*— R-CH=N-protein + H20 + H") or
formation of Michael adducts with o,B-unsaturated aldehydes (R-CH=CH-
CHO + protein NH3*— R-CH(NH protein)-CH,-CHO + H"). Uchida and
Stadtman (1992, 1993) recently showed that 4-hydroxynonenal can react
with histidine, lysine, and cysteine residues in proteins. The products formed
are Michael-type adducts in which the carbonyl function either is preserved
or has undergone secondary reactions with amino groups to yield inter- and
intramolecular cross-links. The complex pattern of reactions given by 4-hy-
droxynonenal is also evident from a study by Sayre et al. (1993), suggesting
that primary amines condense with the aldehyde, at physiological condi-
tions, to pyrrole derivatives.

Antibodies prepared against malonaldehyde and 4-hydroxynonenal-
treated native LDL also react with copper- or cell-oxidized LDL, indicating
that these aldehyde conjugates are indeed epitopes of apo B newly formed
during oxidation (for review, see Esterbauer et al. 1992). Even more import-
ant, immunohistochemical methods clearly showed that malonaldehyde- and
4-hydroxynonenal-modified apo B occurs in atherosclerotic lesions of rab-
bits (Palinski et al. 1990) and human beings (Juergens et al. 1993). In human
aorta the thickened intima of initial, transitional, and advanced lesions and
atheromata showed predominantly extracellular staining with antibodies
specific for 4-hydroxynonenal (HNE) epitopes (Juergens et al. 1993). More-
over, autoantibodies directed against malonaldehyde (MDA)- or HNE-



Chemistry and Pathophysiology of Oxidation of LDL 49

modified proteins are present in the serum of rabbits and human beings
(Esterbauer et al. 1992). The titer of autoantibodies to MDA-modified LDL
was highly significantly correlated with progression of human carotid athe-
rosclerosis (Salonen et al. 1992).

Many of the chemical (e.g., loss of NH3 groups), physicochemical (e.g.,
increase of fluorescence and electrophoretic mobility), and biological (e.g.,
macrophage uptake, cytotoxicity) properties of cell- or copper-oxidized
LDL can be reproduced in full or in part by treatment of previously nonox-
idized LDL with aldehydes or aldehyde mixtures (Jessup et al. 1986; Juer-
gens et al. 1987; Hoff et al. 1989; Hoff and Cole 1991; Esterbauer et al.
1992; Hoff and O’Neil 1993). Thomas et al. (1994a) recently showed that
micromolar concentrations of aldehydes (e.g., decadienal, hydroxynonenal)
induce interleukin-1 expression in human blood mononuclear cells. Amino-
guanidine, a compound presently being used in clinical trials for inhibiting
formation of advanced glycosylation products in chronic hyperglycemia,
inhibits oxidative modification of LDL in vitro, presumably by binding
reactive aldehydes and preventing their conjugation to apo B (Picard et al.
1992). The precise chemical structure of the aldehyde apo B conjugates and
their location on the apo B polypeptide chain remain to be determined.
Fruebis et al. (1992) examined the interaction of phospholipid hydroperox-
ides with peptides and proposed that in the first step adducts between lipid
radicals and protein amino groups are formed which, in a second oxidation
step, form protein-linked aldehydes.

6 Hydroperoxy and Hydroxy Fatty Acids

The change in lipid and fatty acid composition of LDL caused by copper
oxidation is shown in Table 6. The amount of total hydroperoxides formed
in LDL during copper oxidation in PBS was first measured iodometrically
by a simple commercial assay (Esterbauer et al. 1989, 1992; El-Saadani et al.
1989). After a certain lag period of 1-2 h, total peroxides rapidly increased
and reached a maximum of about 700-1000 nmol peroxides/mg LDL pro-
tein after 4-5 h. Thereafter, total peroxides decreased again and were hardly
detectable 24 h after initiation of oxidation (Table 6). Using a similar perox-
ide assay, Jessup et al. (1990) found the same time course for total peroxides
in oxidation of LDL by mouse peritoneal macrophages in Ham’s F10 sup-
plemented with 3 uM FeSO4, and in cell free Ham’s F10 medium sup-
plemented with 100 uM Cu*™. Stocker et al. (1991) were among the first to
employ a newly developed HPLC method, which allows separation and
detection in a highly sensitive and selective manner of cholesteryl ester
hydroperoxides (CEOOH), phospholipid hydroperoxides (PLOOH), and
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Table 6. Change of lipid, fatty acid and antioxidant composition of LDL caused by copper
oxidation.The data are from various sources as indicated in the footnotes

Reference Change observed
Phosphatidylcholine 1,2,9 decrease to 65-55%
Lysophosphatidylcholine 1,2,9 increase to about 200—400 nmol/mg protein
Sphingomyelin 9 no change
Triglycerides 1,23 decrease to 76%-52%
Free cholesterol 1,2,8 decrease to 90%-50%
Cholesteryl ester 3,8 decrease to 48%-25%
Total cholesterol 1,2,7 decrease to 78%-30%
Palmodic acid 4 no change
Stearic acid 4,5 decrease to 96%-79%
Oleic acid 45 decrease to 80%—46%
Linoleic acid 45,6 decrease to 15%-0%
Arachidonic acid 45,6 complete consumption
Docosahexaenoic acid 4 complete consumption
Vitamin B 4 complete consumption
Carotenoids 4 complete consumption

1. Steinbrecher et al. (1987b): 0.2-0.4 UM LDL, 5 +1HM Cu™ in PBS, 37°C, 24 h;

2. Barenghi et al. (1990): 0.4 uM LDL,5 pM Cu™ in PBS, 37°C, 29 h.

3. Van Hinsbergh et al. (1986): 0.4 uM LDL, 25 uM Cu™ in PBS, 4°C, 48 h.

4. Esterbaner et al. (1992): 0.2-0.4 uM LDL, 3-6 UMCu** in PBS, ambient temp., 24 h.
5. Wang et al. (1992): 0.4 uM LDL, 20 UM Cu™ in Ham’s F10, 37°C, 1.5and 20 h.

6. Lenz et al. (1990): 30 pM LDL,5 pM Cu**, ambient temp., 24 h.

7. Malavasi et al. (1992): 0.4 uMLDL, 20 uM Cu** in PBS, 24 h.

8. Zhang et al. (1990): 0.4 UM LDL, 5 pM Cu** in PBS, 37°C, 20 h.

9, Liu et al. (1994): 0.6 pM LDL, 5 uM Cu**, PBS, 20°C and 37°C, 20 h.

triglyceride hydroperoxides (TGOOH). LDL oxidized with 1 mM AAPH for
3 h contained substantial amounts of all three hydroperoxide classes with a
molar ratio of about 5:2:1. This group did not investigate copper-oxidized
LDL, but they reported that LDL exposed to activated PMN for 2 h also
contained significantly increased levels of cholesteryl ester, phospholipid,
and triglyceride hydroperoxides.

A recent study (Noguchi et al. 1993) measured the time course of the
formation of total phospholipid hydroperoxides and total cholesteryl ester
hydroperoxides with HPLC and detection at 234 nm (this wavelength is
actually not specific for hydroperoxides, but rather for conjugated dienes,
which could include both hydroperoxides and the corresponding reduced
monohydroxy compound). It was found that in LDL (0.25 mg protein/ml)
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Table 7. Lipid oxidation products demonstrated in copper-oxidized LDL. Note that the data
are approximate values from various investigations as indicated in the footnotes

nmol/mg protein

Ref. 4-5h 20-24h
Total peroxides 1 1600 227
Phospholipid hydroperoxides 2 60 -
Cholesteryl ester hydroperoxides 2 180 -
Conjugated dienes 2 240 -
TBARS 1 85 114
Total aldehydes + TBARS 1 210 540
Hydroxy-octadecenoic acid® 3 7 50
Hydroxyoctadecadienoic acid® 3 110 30
Hydroxyeicosatetraenoic acid® 3 17 0
7-Hydroxy- and 7 Hydroperoxycholesterol ~ 4,5,8 60 120-760
7-Ketocholesterol 45,6 n.g. n.g.
Cholesteroloxoalkanoylester 7 ng. 30
7-Ketocholesterolalkanoylester 7 n.gq. 30
5,6-Epoxycholesterol 5,6 n.g. traces
25-Hydroxycholesterol 6 n.gq. traces
Cholest-3,5-dien-7-one 4,6 ng. n.q.

n.q., Not quantified

1. Esterbauer et al. (1992): 0.1 uM LDL, 1.66 uM Cu** in PBS, ambient temp.
2. Noguchi et al. (1993): 0.5 uM LDL, 2 uM Cu** in PBS, 37°C.

3. Wang et al. (1992): 0.4 uM LDL, 20 uM Cu™™ in Ham’s F10, 37°C.

4. Malavasi et al. (1992): 0.4 uM LDL, 20 uM Cu™ in PBS, 37°C.

5. Zhang et al. (1990): 0.4 M LDL, 5 uM Cu*™ in PBS, 37°C.

6. Bhadra et al. (1991): 0.2-0.4 uM LDL, ? uM Cu'** in M199.

7. Kamido et al. (1992): 30 uM LDL, 5 uM Cu**, ambient temp.

8. Carpenter et al. (1994): 0.2 uM LDL, 5-25 uM Cu** (or mouse macrophages), F-10, 24 h.
# Sum of 8-, 10- and 11-hydroxy-derivatives of oleic acid.

® Sum of 9-HODE and 13-HODE.

¢ Sum of 5-HETE, 8-HETE, 9-HETE, 11-HETE, 12-HETE and 15-HETE.

exposed to copper (2 UM) cholesteryl ester hydroperoxides and phos-
pholipid hydroperoxides rise slowly during the first 2 h; then the increase
occurs more rapidly to a level of about 45 pM (=180 nmol CEOOH/mg
protein) and 15 uM (=60 mg PLOOH/mg protein) (Table 7). After 5 h the
cholesteryl ester hydroperoxides tended to decrease, whereas phospholipid
hydroperoxides still increased. In LDL oxidized for 5 h with AAPH (1 mM),
cholesteryl ester and phospholipid hydroperoxide content were approxi-
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mately 120 nmol/mg protein and 33 nmol/mg protein, respectively. AMVN
gave mainly cholesteryl ester hydroperoxides (about 60 nmol/mg protein)
with only trace amounts of phospholipid hydroperoxides.

Both phospholipid hydroperoxides and cholesteryl ester hydroperoxides
are still a complex mixture of hydroperoxides differing in type of fatty acids
(18:2, 20:4, 22:6) and position of the hydroperoxy group (e.g., 9-HODE or
13-HODE). New methods have been developed which would allow further
separation and quantification of the individual species present in the pool of
phospholipid or cholesteryl ester peroxides (Kritharides et al. 1993; Sattler
et al. 1994). Investigators interested in more detailed analyses frequently
reduce the hydroperoxides present in the bulk LDL lipid extract to the
corresponding alcohols, saponify the lipids, and separate the monohydroxy
fatty acids by gas chromatography. Of course, this does not allow conclu-
sions regarding the parent lipid molecule to- which the hydroperoxy fatty
acid was bound. The first study in this direction was reported by Lenz et al.
(1990). In LDL (1.5 mg protein/ml) oxidized with 5 pM CuSO4 for 24 h
they found trans, cis and trans, trans 13-hydroxy-9,11-octadecadienoic
acid, 13-HODE (92 nmol/mg protein) and trans, cis and trans, trans 9-hydroxy-
10,12-octadecadienoic acid, 9-HODE (86 nmol/mg protein) and the hydroxy
fatty acids derived from arachidonic acid, i.e., 5-HETE (4.3 nmol), 8-HETE
+ 9-HETE (5.9 nmol), 12-HETE (4.5 nmol) and 15-HETE (4.1 nmol). The
time course showed no increase of HODE and HETE during the first 4 h of
incubation. Thereafter, the increase was more or less linear with time up to
24 h. The hydroxy fatty acids accounted for approximately 70% of the
linoleate consumed during LDL oxidation and represented 45-fold more
products than were measured with the TBARS analyses. It should be noted
that in this study (Lenz et al. 1990) strong variation among the four investi-
gated LDL samples was observed. For example, in one LDL sample most of
the linoleic acid and arachidonic acid was still present after 24 h. This is not
in agreement with other studies (Esterbauer et al. 1992; Wang et al. 1992),
which found that linoleic acid and arachidonic acid are more or less com-
pletely consumed after 24 h copper oxidation.

Wang et al. (1992) studied by GC/MS the time course of the formation of
monohydroxy derivatives of arachidonic acid, linoleic acid, and oleic acid
during oxidation of LDL (0.2 mg protein/ml) by 20 uM copper and by
endothelial cells. Oxidation of LDL by copper (Table 7) resulted after a lag
phase of about 1 h in a strong increase of the linoleic acid oxidation products
(9-HODE, 13-HODE) and the arachidonic acid oxidation products (5-, 8-,
9-,11-, 12-, and 15-HETE). Interestingly, considerable amounts of oxidation
products of oleic acid (8-, 10-, and 11-hydroxyoctadecenoic acid) were also
found. The HETES and HODES reached a maximum at 5 h and decreased
nearly to zero after 20 h, whereas the hydroxy derivatives of oleic acid
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increased for up to 24 h. The quantities measured at 5 h oxidation were
110 nmol HETES/mg protein, 17 nmol HODES/mg protein, and, after 20 h,
50 nmol hydroxy derivatives of oleic acid. TBARS values after 20 h reached
60 nmol/mg protein. In this study it was also demonstrated that 99% of the
hydroxy fatty acids remain associated with the LDL particle, as evidenced
by re-isolation of the oLDL by ultracentrifugation. Oxidation of LDL by
endothelial cells gave a product pattern similar to that of oxidation by copper
ions and there was little positional specificity, suggesting that also in endo-
thelial cell oxidation the majority of the fatty acid oxidation products are
formed via nonenzymatic lipid peroxidation processes.

7 Oxysterols

Oxidation of LDL lipids is not restricted to the PUFAS; a number of more
recent studies have demonstrated that the cholesterol moiety can also be
oxygenated. Zhang et al. (1990) reported that Cu**-oxidized LDL contains
7-ketocholesterol, 7-hydroxycholesterol, and 5,6-epoxycholesterol, with 7-
ketocholesterol comprising the abundant sterol oxidation products. Unlike
Zhang et al. (1990), Bhadra et al. (1991) found in copper-oxidized LDL
cholest-3,5-dien-7-one as the major product, with smaller amounts of 5,6-
epoxycholesterol, 7-hydroxycholesterol, 7-ketocholesterol, and 25-hydroxy
cholesterol. Endothelial cell-oxidized LDL contained only the 5,6-epoxy-
cholesterol (Bhadra et al. 1991). Malavasi et al. (1992} followed the time
course of cholesterol oxidation (0.2 mg protein/ml) with 20 uM CuSO4 in
PBS at 37°C and found that 7-hydroperoxy cholesterol (7000H, 7BOOH) is
largely prevalent at early times of oxidation. The concentration of the hy-
droperoxides decreases with oxidation time with concomitant formation of
7-hydroxycholesterol (700H, 7BOH), cholest-3,5-dien-7-one. The total
amount of oxysterols increased during the first 12 h from zero to about
50 pg/mg protein and then started to decrease again. After 24 h about 54%
of the total LDL cholesterol had been consumed. Incubation of plasma with
copper ions (0.5-2 pM, 24 h, 37°C) gives rise to the formation of free and
esterified oxysterols, mainly 7-ketocholesterol, 7-hydroxycholesterol, and
5,6-epoxycholesterol (Tamasawa and Takebe 1992). Our group (Esterbauer
et al. 1990, 1992; Gebicki et al. 1991) has repeatedly suggested that oxida-
tion of phospholipids or cholesteryl ester yields, in addition to the aldehyde
fragments derived from the methyl terminus of fatty acids, the counterpart
aldehydes, where the fragmented fatty acid chains are still bound to the
parent lipid molecules (Fig. 5). Kamido et al. (1992) first demonstrated that
lipid peroxidation of cholesteryl esters and phospholipids leads to formation
of cholesteryl-oxoalkanoates and phospholipid-oxoalkanoates. This new
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Fig. 5. Decomposition of lipid hydroperoxides by -cleavage yield aldehydes. Bortom: Two
classes of aldehydes are formed, (a) aldehydes derived from the methylterminus of the fatty
acids (shown is hexanal) and (b) core aldehydes bound to the parent lipid molecule

class of lipid-derived aldehydes was given the name "core aldehyde". About
1%-2% of the cholesteryl linoleate and cholesteryl arachidonate consumed
upon copper oxidation of LDL are such core aldehydes. Identified were
7-cholesteryl ester core aldehydes and 7-ketocholesteryl ester core alde-
hydes. In both series the aldehydes had chain lengths of 4, 5, 6, 7, 8, 9, and
10 carbon atoms. The 9-carbon atom core aldehydes (cholesteryl-9-oxo-non-
anoate, 7-ketocholesteryl-9-oxo-nonanoate) were with about 60% the main
products, followed by the 8-carbon atom core aldehydes (~20%) and S-carbon
atom core aldehydes (8%—10%). The parent lipids are most likely choles-
teryl linoleate for the Co aldehydes and cholesteryl arachidonate for the Cs
aldehydes. The Cg aldehydes might arise from traces of cholesteryl eicosa-
trienoic acid (n-6) or double-bond migration during peroxidation.

The identification and quantification of oxysterols and cholesteryl ester
core aldehydes is still at an early stage. Since some of these products are
biologically very active, this subject deserves further attention. For example,
Carpenter et al. (1990) have shown that cultured human monocyte macro-
phages oxidize a cholesteryl linoleate albumin complex to 7-hydroxychol-
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esterol and 9- and 13-HODE. In lipids extracted from atheroma 26-hydroxy-
cholesterol, 7-hydroxycholesterol and isomeric HODES were detected (Car-
penter et al. 1993). Hodis et al. (1992) reported that the antioxidant probucol
reduces plasma and aortic wall oxysterol levels (7-hydroxycholesterol, 5,6-
epoxycholesterol and 3,5,6-cholestanetriol) in cholesterol-fed rabbits. A
similar observation was made in probucol-treated WHHL rabbits (Stalenhoef et
al. 1993), where a significant reduction of plasma levels of 7a—hydroxy-
cholesterol, 3,5,6-cholestanetriol, 7-ketocholesterol, and 25-hydroxycholes-
terol was found. Rabbits treated with the antioxidant BHT showed decreased
plasma levels of 7-ketocholesterol and 5,6-epoxycholesterol (Bjorkhem et
al. 1991). It appears that some of the oxysterols found in human plasma are
also found in the dietary cholesterol, for example, cholesterol-5p,6[3-epoxide,
while others are not. This strongly suggests that some of the cholesterol
oxidation products are formed by in vivo oxidation (Sevanian et al. 1994).
Cholestanetriols (e.g., 3B, 5o, 6B) and 25-hydroxycholesterol have been
shown to cause injury to endothelial cells and smooth muscle cells and to
alter LDL receptor functions (Peng et al. 1991).

Some oxysterols (7-hydroxycholesterol, 3,7,22-cholestanetriol, 3,5,6-
cholestanetriol, 5,6-epoxycholesterol) are highly toxic for endothelial cells
at concentrations in the range of 15-50 nmol/ml (Sevanian et al. 1991;
Petterson et al. 1991). Zwijsen et al. (1992b) have shown that oxysterols
inhibit gap-junctional intercellular communications of smooth muscle cells
by more than 40% at concentrations of 1-10 nmol/ml. The inhibitory activity
increased in the order: 5,6-epoxycholesterol < 7-ketocholesterol < 3,5,6-
cholestanetriol < 25-hydroxycholesterol. A disturbance of intercellular communi-
cation may result in disturbances of growth and induction of proliferation of
smooth muscle cells.

8 Lipoxygenase-Mediated Oxidation of LDL

In the first study of lipoxygenase-mediated LDL oxidation it was reported
(Sparrow et al. 1988) that soybean lipoxygenase, a plant-derived 15-lipoxy-
genase, in combination with phospholipase A2 is capable of converting LDL
into a form with increased TBARS, relative electrophoretic mobility (REM),
and macrophage uptake. Cathcart et al. (1991) then showed that soybean
lipoxygenase can oxidize LDL also in the absence of phospholipase A2, as
evidenced by conjugated dienes, TBARS, and cytotoxicity. Several attempts
were later made to discover whether lipoxygenases are involved in cell-
mediated oxidation of LDL. Lipoxygenase inhibitors indeed blocked modi-
fication of LDL by rabbit endothelial cells (Parthasarathy et al. 1989),
human monocytes (McNally et al. 1990), and mouse peritoneal macrophages
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(Rankin et al. 1991). However, the high concentration of inhibitors required
and their rather nonspecific character made the involvement of lipoxyge-
nases in cell-mediated oxidation questionable. In several studies it was
clearly demonstrated that 5-lipoxygenases are not responsible for oxidation of
LDL by mouse peritoneal macrophages (Jessup et al. 1991; Sparrow and
Olszewski 1992) and human monocytes (Folcik and Cathcart 1993). On the
other hand, it was shown that 15-lipoxygenase is present in human and rabbit
atherosclerotic lesions and co-localized with deposits of oLDL (Yl4-Herttuala
et al. 1990, 1991). Belkner et al. (1991) studied the oxygenation of LDL by
purified rabbit reticulocyte 15-lipoxygenase and recombinant human 15-lipoxy-
genase. This enzyme converts free arachidonic acid and linoleic acid into the
15-hydroperoxy eicosatetraeinoic acid (15-HPETE) and 13-hydroperoxy octa-
decadienoic acid (13-HPODE). The enzyme is also capable of converting
arachidonic acid and linoleic acid bound to phospholipids and cholesteryl ester
to the corresponding 15- and 13-hydroperoxy lipids. Incubation of LDL with
15-lipoxygenase in a molar ratio of 17:1 (molecular mass of lipoxygenase
75 kDa) led within 30 min to the oxidation of about 0.5% of the linoleic acid
residues in LDL. This corresponds to a turnover of roughly 3 linoleate mole-
cules/min produced by one lipoxygenase molecule. Analyses of the oxygenated
polyenic fatty acids (after reduction and alkaline hydrolysis) revealed 13-
hydroxy-9cis, 11-trans-octadecadienoic acid (13-HODE, Z,E) as the main pro-
duct (71%), with lower amounts (10%) of 15-hydroxy-5,8,11,13-eicosatetra-
enoic acid (15-HETE), 5% 13-hydroxy 9-trans, 11-trans-octadecadienoic acid
(13-HODE), and 17% 9-hydroxy-10, 12-octadecadienoic acid (9-HODE). At
low LDL concentration predominantly the S-isomer of 13-HODE and 15-
HETE were formed. More than 90% of the hydroxy fatty acids were contained
in the esterified lipid fraction, particularly in the cholesteryl esters. Long-term
treatment (20 h) or high concentrations of lipoxygenase also altered the apo B, as
demonstrated by the increased electrophoretic mobility and the increased content
of Schiff’s bases in apo B. This suggests that a fraction of the hydroperoxides
decompose, most likely catalyzed by traces of transition metal ions present in
the incubation mixture. It is important to mention that also in the lipoxygenase-
mediated oxidation, oxygen uptake is about twofold higher than formation of
hydroxy fatty acids. A similar observation was made in AAPH- or copper-
induced LDL oxidation (Noguchi et al. 1993). The fate of this additionally
consumed oxygen and where it is bound are not clear.

In human plasma incubated with reticulocyte 15-lipoxygenase 13-HODE
(main product), 9-HODE and 15-HETE esterified with cholesterol were
formed (Belkner et al. 1991). Moreover, lipids extracted from pieces of
thoracic aortas of subjects who died of acute heart failure contain consider-
able amounts of cholesterol esterified with keto- and hydroxy-octadecadi-
enoic acid (Kiihn et al. 1992). The nonspecific product pattern of the arterial
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wall material as regards positional and stereoisomers suggests that in vivo,
nonenzymatic peroxidation processes are responsible for formation of the
majority of these oxygenated fatty acids. Of course, cellular 15-lipoxyge-
nase of endothelial cells or monocyte macrophages could play an important
role in the initiation of the nonenzymatic lipid peroxidation process by
providing seed-hydroperoxides in LDL. Even small amounts of peroxides
would render LDL susceptible to a subsequent nonenzymatic oxidation
mediated by free or complexed transition metal ions.

Oxidation of LDL by human umbilical vein endothelial cells (Ham’s F10
medium, 20 h) also yielded an oxygenated fatty acid pattern characteristic for a
nonenzymatic peroxidation (Wang et al. 1992). The main products identified
were the monohydroxy derivatives of linoleic acid (9-HODE, 13-HODE) and
arachidonic acid (5-HETE, 8-HETE, 9-HETE, 11-HETE, 12-HETE, 15-
HETE). Small amounts of hydroxylated derivatives of oleic acid (8-hydroxy-,
10-hydroxy- and 11-hydroxy-octadecenoic acid) were also formed. The total
amount of monohydroxy fatty acids was about 22 nmol/mg LDL protein
(=12 mol/mol LDL) with 54% HODES and 45% HETES. The isomer distribu-
tion in LDL oxidized 5 h with Cu™™ was identical to that in the endothelial
cell-oxidized LDL. The total amount of monohydroxy fatty acids in copper-ox-
idized LDL, however, was around 150 nmol/mg LDL protein.
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1 Introduction

Multicellular organisms continually regulate growth and differentiation of
their constituent cells. At various times during development and in adult life,
cells must choose between growth, cytostasis, and death. Malignancy results
when cells are exposed to DNA-damaging agents or radiation, with the result
that these cells escape the normal mechanisms which regulate these deci-
sions. Malignant cells acquire the ability to ignore intracellular and extracel-
lular signals which normally regulate cell growth or differentiation or even
programmed cell death.

Genes and gene products whose normal function is to inhibit uncontrolled
growth might be expected to play key roles in cell cycle control, detection,
and eventually repair of DNA damage and thereby to inhibit neoplasia. The
growth-suppressor gene product p53 is known to play an efficient part in the
cellular growth control machinery (Selter and Montenarh 1994; Donehower
and Bradley 1993; Levine 1993). The importance of p53 as a general cellular
regulator is evident in its high degree of evolutionary conservation from fish,
amphibians, and rodents to man (for review see: Montenarh 1992; Soussi et
al. 1990). Wild-type p53 blocks proliferation and transformation in a variety
of different cellular systems (Finlay et al. 1989; Eliyahu et al. 1989; Mercer
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et al. 1990a,b; Baker et al. 1990; Diller et al. 1990; Michalovitz et al. 1990).
In addition, wild-type p53 can induce a pathway of programmed cell death
in various cellular systems (Yonish-Rouach et al. 1991; Ryan et al. 1993;
Shaw et al. 1992). Knockout animals lacking endogenous p53 genes develop
normally but are susceptible to tumor formation early in life (Donehower et
al. 1992), suggesting that p53 is, in general, dispensable for growth and
development. However, the fact that knockout animals exhibit a greatly
elevated predisposition to tumor development indicates that p53 is somehow
involved in controlling the integrity of the genome. It is not yet known how
p53 suppresses neoplastic development, how it inhibits growth, or how it
directs cells into an apoptotic pathway. Wild-type p53 binds to double-
stranded DNA in a sequence-specific manner (Kern et al. 1991b). It has the
ability to repress or activate transcription on its own or by interacting with
transcription factors (O’Rourke et al. 1990; Santhanam et al. 1991; Ginsberg
et al. 1991; Farmer et al. 1992; Raycroft et al. 1990; Truant et al. 1993; Seto
et al. 1992; Agoff et al. 1993). p53 mutations are found in a broad spectrum
of human tumor types such as tumors of the breast, colon, lung, and liver and
in a variety of leukemias (Caron de Fromentel and Soussi 1992; Hollstein et
al. 1991; Greenblatt et al. 1994). In vitro, mutant p53 immortalizes primary
cells and cooperates with ras or polyoma virus middle-T antigen in transfor-
mation of primary cells (Jenkins et al. 1984; Parada et al. 1984; Eliyahu et al.
1984; Reihsaus et al. 1992). Most of the missense mutations in human
tumors occur in the highly conserved central region that encodes a domain
which binds DNA in a sequence-specific manner (Bargonetti et al. 1993;
Pavletich et al. 1993; Wang et al. 1993b; Cho et al. 1994). Mutant p53 is less
able to bind to a DNA consensus sequence (El-Deiry et al. 1992; Funk et al.
1992) and fails to transactivate transcription. Most mutant p53 are more
stable than wild-type p53; in addition, mutant p53 often have an altered
conformation which can be detected with specific monoclonal antibodies
(Montenarh 1992). Wild-type p53 has a short half-life, and its concentration
in the nucleus of normal, nontransformed cells is low (Kraiss et al. 1991).
p53 is.a phosphoprotein which binds to an increasing number of cellular
proteins (Pietenpol and Vogelstein 1993). The amino-terminal domain of
p53 is acidic and has been shown to interact with several viral and cellular
proteins such as the adenovirus E1b 55-kDa protein (Levine 1993), mdm?2,
and TBP (J. Chen et al. 1993; X. Chen et al. 1993; De Benedetti et al. 1993;
Seto et al. 1992). Furthermore, the amino-terminus of pS53 functions as a
transcriptional activator (Farmer et al. 1992; Zambetti et al. 1992) inducing
several genes including mdm2 (Juven et al. 1993; Perry et al. 1993),
GADD45 (Kastan et al. 1992; Zhan et al. 1993), and WAF1/CIP1 (El-Deiry
et al. 1993). The WAF]1 gene product is a potent inhibitor of cell cycle-de-
pendent kinases (cdk) (Harper et al. 1994). C-terminal regions of p53 are
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involved in binding to cellular proteins such as the regulatory -subunit of
protein kinase CK2 (Herrmann et al. 1991; Wagner et al. 1994), tmsl of
fission yeast (Wagner 1994), and a mammalian tms1-related 42-kDa protein
(Appel et al. 1994). The internal core region of the polypeptide chain of p53
is involved in specific binding to DNA (Pavletich et al. 1993; Bargonetti et
al. 1993; Wang et al. 1993b; Halazonetis et al. 1993; Cho et al. 1994) and
binding to SV40 large T antigen (Jenkins et al. 1988; Tan et al. 1986). Mouse
p53 has been shown to have the 5.8 S ribosomal RNA covalently bound to a
C-terminal serine (Fontoura et al. 1992). Wild-type and mutant p53 are
phosphorylated in vivo at several amino- and carboxy-terminal sites, and
several sites can be phosphorylated in vitro by various protein kinases
(Lees-Miller et al. 1992; Ullrich et al. 1993; Meek et al. 1990; Milne et al.
1992a, 1994; Herrmann et al. 1991; Stiirzbecher et al. 1990; Bischoff et al.
1990). However, we know little so far about the in vivo function of p53
phosphorylation. Hupp et al. (1993) reported that the sequence-specific
DNA binding of p53 could be activated via phosphorylation by protein
kinase CK2. Milne et al. (1992b) reported that the CK2 site seemed to be
somehow implicated in the inhibition of cell proliferation. However, it is not
yet clear whether changes in phosphorylation also directly influence tran-
scriptional activation by affecting the quaternary structure of p53. Moreover,
interaction of p53 with itself (Kraiss et al. 1988) or with other cellular
partners such as mdm2, the regulatory 8 subunit of protein kinase CK2, and
a 42-kDa protein (Wu et al. 1993; Appel et al. 1994; Wagner et al. 1994)
might affect sequence-specific binding to DNA or RNA.

p53 is a critical member of the Gi cell cycle checkpoint pathway that
arrests cell cycle progression in response to damaged DNA late in G1 of the
cell cycle (Mercer et al. 1990b) or induces programmed cell death, i.e.,
apoptosis (Oren 1992; Kastan et al. 1992; Kuerbitz et al. 1992; Nelson and
Kastan 1994). DNA damage-inducing agents produce a transient increase in
the concentration of p53 through post-transcriptional mechanisms that in-
clude temporary stabilization of the p53 protein (Maltzman and Czyzyk
1984; Nelson and Kastan 1994).

2 p53 and DNA Damage

Organisms are continuously exposed to a variety of potentially mutagenic or
carcinogenic agents. Destruction of DNA by mutation or deletion is a poten-
tial step towards carcinogenesis. This was impressively demonstrated in the
case of repair-deficient xeroderma pigmentosum cells, which are highly
sensitive to UV irradiation-mediated malignant transformation (Cleaver
1989). However, there are various mechanisms known that cause DNA
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damage or at least base modifications, such as DNA alkylating agents like
mitomycin C and cyclophosphamide (Cook and Brazell 1976; Reddy and
Randerath 1987). Vinca alkaloids such as etoposide form complexes with
DNA and topoisomerase 11 and eventually cause strand breaks and apoptosis
(Kaufmann 1991; Walker et al. 1991). Nucleotide analogs such as 5-fluorou-
racil cause DNA fragmentation (Parker et al. 1987). DNA strand breaks
appear to be the signal which induces p53 protein levels following DNA
damage (Nelson and Kastan 1994; Zhan et al. 1994), although it is not clear
whether there are single- or double-strand breaks. Derivatives of folate such
as methotrexate inhibit purine nucleotide synthesis and thus deprive cells of
purine nucleotides for DNA synthesis and DNA repair (Li and Kaminskas
1984). All of these agents or treatments induce high levels of wild-type p53
(Fritsche et al. 1993). Selenite is an essential nutrient (Neve 1991). At doses
well above the physiological requirement it is proven anticarcinogenic in
many animal systems (Medina and Morrison 1988), whereas at higher doses
selenium is highly toxic (Buell 1983). In vitro, selenite is a strong inhibitor
of cell growth (Medina and Oborn 1984). Very recently it was shown that
selenodiglutathione, the initial metabolite of selenite, induces p53 protein
levels in cells that contain wild-type p53 (Lanfear et al. 1994), indicating that
selenodiglutathione induces the DNA damage-recognition pathway. In addi-
tion, this selenocompound induces apoptosis regardless of whether cells
contain wild-type or mutant p53, indicating that DNA damage recognition
and apoptosis may be two different pathways.

Retinoids act as therapeutic agents by reducing the incidence of second
primary tumors in patients with squamous carcinomas of the head and neck,
and they inhibit the growth of tumor cells in experimental systems (Lotan
1980; Hong et al. 1990). It was shown that treatment of non-small cell lung
carcinoma cells with retinoids leads to growth inhibition which coincides
with a considerable increase in the level of the p53 protein. This increase was
specific for wild-type p53 and not detectable in cells carrying mutant p33
(Maxwell and Mukhopadhyay 1994).

Cells treated with the restriction enzyme Pvull respond with a dramatic
increase in p53 protein level (Lu and Lane 1993). Pvull treatment is known
to generate chromosomal damage (Bryant 1992). Nitric oxide (NO) is in-
volved in several pathophysiological processes, because NO itself or the
products of its redox chemistry can cause DNA damage. It was recently
shown that NO treatment of cells leads to an accumulation of p53. The
overexpression of p53 is later on correlated with apoptotic processes in these
cells (Messmer et al. 1994).

Hypoxia and heat, agents that induce cellular stress primarily by inhibit-
ing oxygen-dependent metabolism and denaturing proteins, induce accumu-
lation of p53, although activation of the G arrest by low oxygen conditions
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is independent of the p53 status. In addition, cells expressing the human
papilloma virus E6 gene, which show increased degradation of p53 by
ubiquitination and fail to accumulate p53 in response to DNA-damaging
agents, do increase their p53 levels following heat and hypoxia (Graeber et
al. 1994). Thus, it is tempting to speculate that the level of oxygen used in
this study induces a Gi arrest which is independent of the presence of
wild-type p53.

It is well known that ionizing irradiation and UV irradiation induce
different kinds of DNA damage, which is repaired through different path-
ways. Exposure of mammalian cells to y-irradiation results in single- and
double-strand breaks in DNA and in various forms of base alterations in the
DNA (Ward 1975). Exposure to DNA-damaging agents probably con-
tributes to the development of many human cancers. In addition to DNA
damage, irradiation of cells leads to increased cell mortality and cell cycle
arrest in G or in G2. This growth inhibition allows cells optimal repair of
DNA damage before they start to replicate mutated or damaged DNA. Cells
which are defective in this repair process may be prone to neoplastic devel-
opment. Recently published papers indicate that pS53 is a critical component
of the cellular response to ionizing radiation. pS3 seems to be involved in an
irradiation-induced cell cycle arrest and in processes directing the cells to an
apoptotic pathway of cell death. In general, the response in p53 accumula-
tion seems to be more rapid in cells treated with ionizing irradiation than in
cells treated with UV irradiation (Lu and Lane 1993). The elevated levels of
p53 resulted in the stimulation of transcription of reporter genes that contain
p53-binding sites in their promoter regions.

The level of p53 in transformed cells is regulated mainly by post-transla-
tional modification, resulting in prolonged half- life of the protein (Oren et
al. 1981; Kraiss et al. 1991). High levels of p53 after DNA damage are due
to an elevated stability of the p53 protein (Kastan et al. 1991). A similar
observation was made by Maltzman and Cyzyzk (1984) in cells immediately
after UV light irradiation. This post-transcriptional increase in p53 could
result from changes in the phosphorylation of p53, from binding to other
cellular proteins, or from self-oligomerization (for review see: Selter and -
Montenarh 1994). Both the increase in p53 protein levels and the decrease in
DNA synthesis after DNA damage can be blocked by protein synthesis
inhibitors such as cycloheximide and by phosphodiesterase inhibitors such
as caffeine (Kastan et al. 1991).

Cells from mice after whole-body irradiation exhibit overexpression of
wild-type p53 and corresponding growth arrest in G1, or they go into apop-
tosis. Cells from mice lacking endogenous p53 have a reduced level of
apoptosis compared with wild-type p53-expressing mice (Merritt et al.
1994). In general, cells which lack endogenous p53 or which express mutant
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p53 do not exhibit Gp arrest after y-irradiation. In mouse hepatoma cells
expressing wild-type p53, y-irradiation leads to a transient accumulation of
p53 protein in the nuclei, whereas no such accumulation was observed in
cells carrying mutant p53 protein (Unger et al. 1994). Crypt cells from small
and large intestines of mice expressing wild-type p53 showed abundant
apoptosis after y-irradiation, whereas p53-deficient mice are completely
resistant to the induction of apoptosis. Other responses of cells to y-irradia-
tion, namely G2 block and reduction in DNA synthesis, were both intact in
pS53-deficient animals (Clarke et al. 1994). These data show that the reduc-
tion of DNA synthesis, DNA chain elongation, and G2 arrest following
y-irradiation represent p53-independent cellular responses. Similar results
were obtained in a comparable study using a different strain of p53-deficient
mice (Merritt et al. 1994). These resuits might lead to the assumption that
pS53-deficient cells or cells that express mutant p53 have increased levels of
DNA damage and therefore may develop tumors more rapidly. However,
this hypothesis is not compatible with the finding that p53 deficiency does
not lead, in general, to tumor formation in every tissue type. Furthermore,
from comparison of the responses of fibroblasts (Lowe et al. 1993a; Slichen-
myer et al. 1993), thymocytes (Clarke et al. 1993; Lowe et al. 1993b),
hematopoietic cells (Lotem and Sachs 1993), and intestinal epithelium
(Clarke et al. 1994), it is clear that not all cell types exhibit p53-dependent
apoptosis following Yy-irradiation-induced DNA damage.

Modern biochemistry and cell biology rely heavily on the use of radio-
labeled tracer molecules. Pulse labeling of cells with *H thymidine leads to
an increase in p5S3 mRNA and in p53 protein level. Both effects are accom-
panied by a reduction of cells in S-phase (Dover et al. 1994). In the light of
these results, a great number of experimental results obtained by radiolabe-
ling of cells have to be re-evaluated. When explants of human uroepithelium
were exposed to acute doses of cobalt-60, cells that grew out to form primary
cultures expressed elevated levels of p53 and c-myc (Mothersill et al.
1994b). Elevated levels of p53 are correlated with loss of contact inhibition
and the expression of preneoplastic features. Exposure of mouse epidermis
to high-dose B-radiation showed that before the appearance of a visible or
histologically detectable tumor, overexpression of p53 was common at an
exposed site and was accompanied by an overexpression of p62c_f % and
p21N8 (Leszezynski et al. 1994).

y-Irradiation of human diploid fibroblasts in the G1 phase caused a cell
cycle arrest prior to S-phase. This cell cycle arrest is accompanied by a
long-term induction of WAF1/CIP1 in normal human fibroblasts (Di Leo-
nardo et al. 1994) and correlated with a lack of activation of both cyclin
E/cdk2 and cyclin A/cdk2 kinases and dependent on the presence of wild-
type p53. The intact cyclin/cdk2 complexes contain WAF1 (wild-type p53-
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activated fragment), an inhibitor of cdk2 which is induced by wild-type p53
(El-Deiry et al. 1993, 1994). As a consequence of activation of the WAF1
inhibitor, phosphorylation of the Rb protein is dramatically inhibited in
irradiated cells (Dulic et al. 1994). This block in Rb phosphorylation blocks
cells from entering into S-phase.

In addition to that of p53 and WAF]I, the expression of mdm2 was also
elevated following <y-irradiation. The oncogene mdm2 encodes a 90-kDa
protein that binds to the p53 protein and blocks p53-mediated transcriptional
activation (Momand et al. 1992). A subset of human tumors contain ampli-
fied mdm2 protein and wild-type pS53, suggesting that overexpression of
mdm?2 is another mechanism for altering p53 function in tumorigenesis
(Oliner et al. 1992). The mdm2 protein binds to p53 and inactivates pS3
wild-type function. Thus, binding of mdm?2 to p53 resulted in a reduction of
the ability of cells to arrest in Gj after y-irradiation, indicating a feedback
loop (Chen et al. 1994). A p53-binding site was identified in an intronic
sequence of the mdm2 gene (Wu et al. 1993), and expression of mdm2
protein is induced by elevated levels of p53 on the transcriptional level. On
the other hand, overexpression of p53 is neutralized by binding of p53 to the
mdm?2 protein. p53 transcriptionally regulates another cellular gene, namely
GADD45 (growth-arrested and DNA damage-inducible gene) (Kastan et al.
1992). GADD45 is a member of the cellular response machinery to radia-
tion. The GADDA45 gene harbors a conserved intronic sequence which
comprises a p53-binding site, indicating that p53 transactivates GADD45
after y-irradiation of cells. Although there is overexpression of p53 after
radiation of cells, GADD45 transcription is reduced. These data suggest that
a balance may exist between the levels of p53 protein and mdm?2 protein and
the GADD45 gene product. This balance may normally lead cells through
the G1 phase of the cell cycle and may also be involved in regulating DNA
repair, apoptosis, and cell cycle progression.

Cells transfected or infected with high-risk human papilloma virus HPV
16 or 18 cannot arrest in Gi after exposure to DNA-damaging agents
(Gujuluva et al. 1994). Growth arrest by induction of p53 in DNA-damaged
keratinocytes is also bypassed by human papilloma virus 16 E7 protein
(Demers et al. 1994). Rapid degradation of wild-type p53 in HPV-infected
or -transfected cells may be responsible for this phenomenon (Scheffner et
al. 1990). In general, cells expressing HPV 16 E7 proteins continue cell cycle
progression following DNA damage-induced p53 activation (Hickman et al.
1994).

Further insight into the role of p53 in the response to radiation-induced
DNA damage comes from studies with cells from patients with ataxia
telangiectasia (AT) and xeroderma pigmentosum (XP). Ataxia telangiecta-
sia, a human autosomal recessive disorder, is characterized by cerebellar
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ataxia, oculocutaneous telangiectasia, and sinopulmonary infection (Sedg-
wick and Boder 1991). Cancer predisposition and hypersensitivity to ioniz-
ing radiation are characteristic of this disease. AT cells are acutely sensitive
to radiation. Cells of patients suffering from XP are acutely sensitive to UV
light, but not to ionizing irradiation. Unlike other fibroblasts, AT cells do not
exhibit an increase in p53 protein and fail to arrest in G after ionizing irradia-
tion. On the other hand, p53 induction is normal in AT cells after exposure to
UV-B light, an agent to which these cells are not hypersensitive (Kum Kum
Khanna and Lavin 1993). Agents that produce double-strand breaks in DNA
cause an induction of p53 in the absence of radiation in control cells but not in
AT cells (Kum Kum Khanna and Lavin 1993). Specific inhibitors of protein
kinase C and serine/threonine phosphatases prevent the UV-radiation-based
induction of the p53 protein, implicating these cell-signaling molecules in the
p53 response of DNA damage. The failure to express wild-type p53 is associ-
ated with a failure to up-regulate the expression of GADD45 (Kastan et al.
1992). Other proteins which participate in the cellular response to y-irradiation,
including WAF1 and mdm?2, are also only weakly induced in AT cells after
ionizing irradiation (Gates et al. 1994). It has already been demonstrated that
mdm2 mRNA levels do not increase in AT cells after ionizing irradiation as
much as they do in cells from normal individuals (Price and Park 1994).
Induction of p53 is also abnormal in AT cells following treatment with
methylmethanesulfonate and bleomycin but appears relatively normal fol-
lowing treatment with UV-C irradiation or topoisomerase inhibitors (Gates
et al. 1994). Further evidence for the implication of cell-signaling molecules
comes from experiments with hepatocytes, spontaneously immortalized
liver epithelial cells, and their H-ras-ransformed derivatives. Accumulation
of wild-type p53 was observed in primary hepatocytes and immortalized
cells, but the arrest was less evident in transformed cells in spite of the fact
that these cells express wild-type p53 and accumulate p53. Thus, the signal
transduction upstream of p53 may be retained in these transformed cells,
although its downstream signals or pathways totally independent of this
system could be altered (Kadohama et al. 1994).

Based on all of the above-mentioned results, wild-type p53 is thought to be a key
factor in the G1 arrest of the cell cycle after y-irradiation. However, it was
found that patients with Bloom’s syndrome, who lack any detectable p53
protein, still have a G arrest after irradiation with UV-C (Van Laar et al.
1994), indicating the presence of other cellular factors which are involved in
the regulation of this cell cycle checkpoint. A complete failure of p53 accu-
mulation in response to UV treatment was observed in two primary cultures
obtained from individuals suffering from Bloom’s syndrome, whereas in other
cases of Bloom’s syndrome p53 levels increase following exposure to UV
irradiation or X-rays (Lu and Lane 1993).
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All of the agents or treatments discussed so far induce high levels of
wild-type p53 protein. It was therefore not surprising that p53 mutations are
associated with some aspects of resistance to chemotherapy and short survi-
val in various malignancies (Wattel et al. 1994; El Rouby et al. 1993).
Although the mechanism whereby p53 might influence resistance to che-
motherapy is unclear, it has been shown that wild-type p53 suppresses the
multidrug resistance gene promoter, whereas mutated p53 can stimulate it
(Chin et al. 1992; Andreeff et al. 1993; El Rouby et al. 1993; Preudhomme
et al. 1993). Wild-type p53-expressing cells are radiosensitive, whereas
expression of mutant p53 significantly increases the cellular restistance of a
variety of hematopoietic cell lines to Y-irradiation. p53-deficient thymocytes
remained viable following doses of up to 2000 cGy, while wild-type p53-ex-
pressing thymocytes were susceptible to treatment with as little as 100 cGy
(Lowe et al. 1993b). Consistent with findings in other cell types, irradiation
of thymocytes caused a dramatic increase in p53 levels. Mutation in the p53
gene increases cellular tolerance to DNA damage and abrogates the radia-
tion-induced G arrest (Lee and Bernstein 1993). This radioresistant pheno-
type has also been observed in fibroblasts from Li-Fraumeni patients, who
are heterozygous for p53 mutation. Mcllwrath et al. (1994) observed a
significant correlation between the level of ionizing radiation-induced Gj
arrest and radiosensitivity; i.e., cells having an intact G arrest are more
radiosensitive than cells lacking the G1 arrest. These results support the idea
that wild-type p53 is required for sensitivity of tumor cells to DNA-damag-
ing agents, and that the loss of p53 function in certain tumor cells can lead to
resistance to ionizing radiation (McIlwrath et al. 1994). In contrast, Jung et
al. demonstrated that mutated p53 was present in squamous cell carcinomas
which are radiosensitive, as well as in those which are radioinsensitive.
Thus, this study indicates that mutations in the p53 gene do not directly
correlate with radioresistance (Jung et al. 1992). It has been shown in rat
lung cells that the loss of both wild-type p53 alleles is accompanied by
increased sensitivity to y-irradiation (Biard et al. 1994), although other
authors found no correlation between p53 status and radioresistance in a
variety of head and neck cancer cell lines (Brachman et al. 1993). Expression
of mutant p53 in cells leads to an increase in radiosensitivity of these cells,
and this increase seems to correlate with the level of expression of mutant
p53 in rat embryo fibroblasts (Bristow et al. 1994), whereas in human
keratinocytes mutant p53 confers only a very mild radiosensitivity (Mar-
chetti et al. 1994). Different doses of irradiation were used for these experi-
ments and may account for these different findings.

Radiation therapy is an accepted treatment modality for many types of
human tumors, and improvements in the local control of primary tumors
may impact on patient survival. However, the potentially carcinogenic effect
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of therapeutic irradiation has been recognized for years. Radiation-induced
sarcomas in most cases have genetic alterations in the p53 gene and in the Rb
gene (Brachman et al. 1991). However, it was not clear from this study
whether these mutations occurred during tumor progression or resulted
directly from radiation exposure. The UV component of sunlight is the major
carcinogen involved in the etiology of skin cancer. In skin cancer formation,
UV acts as a mutagen for the p53 gene, and it seems that this event occurs at
an early stage of multistep UV carcinogenesis (Nagano et al. 1993; Kanjilal
et al. 1993). It was shown that 40% of XP skin tamors contain at least one
point mutation in the p53 gene (Dumaz et al. 1993). All the mutations were
located at dipyrimidine sites, although others reported no evidence for the
presence of tandem CC—TT transitions (Amstad et al. 1994). Normal
human mammary epithelial cells can be transformed in vitro by y-irradiation
at a clinically used dose (30 Gy). The transformed cells have lost p53 due to
a deletion of the gene on one allele, and they have a further small deletion of
some base pairs in the second allele (Wazer et al. 1994). The analysis of the
p53 gene in radiation-induced osteosarcoma revealed a high incidence for
p53 mutations, leading in some cases also to an elevated expression of
mutant p53 protein (Strauss et al. 1992). In about 20% of cases of UV-B-in-
duced epidermal tumor cells p53 mutations were found. Interestingly, these
mutations were found in the nontranscribed DNA strand, indicating some
site and strand specificity of UV-B-induced p53 mutations (Kress et al.
1992). This observation was further supported by data which showed that
UV light-induced mutations in the p53 gene were removed from the tran-
_scribed strand more rapidly than from the nontranscribed strand of this gene,
although the induction of mutations was similar for both strands (Ford et al.
1994; Dumaz et al. 1993). A novel type of inactivation of wild-type p53 was
found in radiation-induced osteosarcomas, namely insertion of murine en-
dogenous retrovirus-like elements into intron 4 of the p53 gene, which leads
to a pS3-deficient cell (Mitreiter et al. 1994). Normal human uroepithelium
cells were treated in culture with ®°Co irradiation and with or without a
chemical carcinogen (N-nitrosodiethanolamine). Four different types of
cells were generated. One population of cells never showed abnormal p53
expression; one population was positive for abnormal p53 expression when
treated with irradiation and carcinogen. Another population of cells ex-
pressed high levels of p53 after a single dose of radiation, and the remaining
population of cells was initially negative for p53 and became positive after
some days in culture in the presence of growth factor (Mothersill et al.
1994a). It is not clear from this study whether the genetic material from the
patients differed in mutability or whether there were other factors involved.
In contrast to these results, thymus tissue from mice treated with v-irradia-
tion had a low frequency (2/15) of p53 mutations, suggesting that p33
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mutations do not play a major role in radiation-induced thymic lymphomas,
although the types of genetic mutations observed in the p53 gene are similar
to those reported in other human tumors (Brathwaite et al. 1992). However,
the situation after irradiation is not clear at all. UV-irradiated p53-deficient
mouse cells have an elevated number of sister chromatid exchanges com-
pared with wild-type p53-expressing mouse cells. However, there was no
deficiency in DNA repair in p53-deficient mouse cells compared with wild-
type p53-expressing cells (Ishizaki et al. 1994).

In summary, the inconsistent finding of mutations in the p53 gene after
exposure to DNA-damaging radiation may reflect the fact that other or
additional factors contribute to the generation of mutated p53. Moreover, in
addition to mutation, wild-type pS3 can be inactivated by complex formation
with cellular and viral proteins and by a subcellular translocation. The
contribution of these latter factors to a radiation-induced inactivation of p53
still has to be elucidated.

3 p53 and DNA Repair

A variety of systems have evolved to protect cells from the consequences of
DNA damage: DNA proofreading, base excision repair, photoreactivation,
methyltransferases, and nucleotide excision repair. The nucleotide excision
repair system protects DNA from the widest variety of lesions induced by
diverse agents such as UV irradiation, chemical agents, and free radicals
(Lindahl 1993). In addition to blocking the cell cycle progression and induc-
ing programmed cell death, there is increasing evidence that p53 directly or
indirectly stimulates the DNA repair machinery. The human ERCC-1 gene
was the first mammalian DNA repair gene to be cloned (Westerveld et al.
1984). It was demonstrated that ERCC-1 deficiency in mice leads to elevated
levels of p53 in kidney, brain, and liver (McWhir et al. 1993). In another
approach it was found that wild-type p53 forms complexes with ERCC-3, a
basic transcription factor that is involved in transcription-coupled repair,
probably by its intrinsic helicase activity (Schaefer et al. 1993). Binding of
p53 to the ERCC-3 protein was efficiently inhibited by the hepatitis B virus
X protein (Wang et al. 1994). Thus, p53 could modulate repair of DNA by
binding to ERCC-3. Inactivation of p53 by mutation or by binding to viral
gene products could increase the mutation frequency and thus increase the
probablity of neoplastic transformation of human cells.

The growth arrest and DNA damage-inducible gene GADD4S5 is a ubiqui-
tously expressed mammalian gene that is induced by DNA damage and
certain other stresses. The expression of GADD4S5 is transcriptionally regu-
lated by wild-type pS3, although this gene can also be induced by another
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pathway (Kastan et al. 1992). Although the precise mechanism by which
GADDA4S5 is involved in DNA repair is not yet known, by coimmunoprecipi-
tation the proliferating cell nuclear antigen PCNA was found in complex
with GADD45 (Smith et al. 1994). PCNA is a component of cyclin-cdk
complexes known to be associated with restriction control points within the
cell cycle. After DNA damage, PCNA changes its subcellular distribution
from sites of DNA replication to sites of DNA damage (Hall et al. 1993).
Furthermore, PCNA is an auxiliary factor for repair-associated DNA
polymerases 6 and € and is required for nucleotide excision repair, at least in
vitro (Shivji et al. 1992). Excision repair was enhanced in cells transfected
with a GADD45 gene and reduced when GADD45 was depleted by
GADD45-specific antibodies. The interaction of GADD45 with PCNA may
have different and probably cumulative effects. It may displace PCNA from
WAF1/cdk complexes, thus inhibiting cell cycle progression, or it may
compete with cellular factors of the DNA replication machinery for binding
to PCNA. This competition may inhibit DNA replication. p53 might there-
fore enhance DNA repair and inhibition of cellular DNA synthesis by
inducing the transcription of the GADDA45 gene.

p53 is known to bind single- and double-stranded DNA (Steinmeyer and
Deppert 1988; Kern et al. 1991a,b). p53 binds preferentially to single-
stranded DNA and catalyzes DNA renaturation and DNA strand transfer
(Bakalkin et al. 1994). These findings suggest that p53 may play a direct role
in the repair of DNA by binding to DNA.

Repair rates are highly variable and sequence dependent. Repair of p53
mutations due to UV-irradiation was very slow at seven of eight positions
which are frequently mutated in skin cancer (Tornaletti and Pfeifer 1994).
These results might indicate that the efficiency of DNA repair may somehow
contribute to the mutational spectrum seen in cancer-associated genes. By
analyzing the repair of p53, of other genes, and of nontranscribed regions of
the DNA, the p53 gene was found to be repaired faster than the dihydrofolate
reductase gene and much more efficiently than an inactive genomic region
(M.K. Evans et al. 1993).

Although there seems to be a good correlation between the presence of
wild-type p53 and DNA repair, another report shows that DNA repair can
also be normal in p53-deficient cells (Ishizaki et al. 1994).

4 p53 and Apoptosis
Programmed cell death, apoptosis, is as necessary for the survival of organ-

isms as cell proliferation. By apoptosis the organism tries to get rid of cells
which have lost their function, which do not function properly (thymic
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education), which have completed their lifespan, or which are dangerous for
the organism (Fesus 1993; Sen and D‘Incalci 1992; Williams and Smith
1993). Another aspect of apoptosis is the production of dead cells for
specific functions (comnification, lens cells). Thus, apoptosis is a process in
the normal life of an organism, but one which must be severely regulated in
order to protect cells from undesirable effects. Apoptosis of cells is quite
different from necrosis (reviewed in: Sen and D’Incalci 1992), as it requires
a genetically controlled sequence of morphological and biochemical events
leading at least to death and elimination of the cell. It is a controlled process
lacking any inflammatory events. With the onset of apoptosis, the cell
shrinks and the chromatin becomes dense. DNA is fragmented by a cellular
endonuclease; membrane architecture and membrane composition are dras-
tically changed (membrane blebbing). Furthermore, cellular proteins are
cross-linked by a transglutaminase to encapsulate the cell. The apoptotic
cells are subsequently phagocytosed. Apoptosis occurs in cells undergoing
DNA damage caused by irradiation, cytotoxic chemotherapy, or heating, and
in cells suffering from hormone ablation or from growth factor or cytokine
deprivation (reviewed in: Kerr et al. 1994). Another reason for the induction
of apoptosis may be the inhibition of intercellular contact (Bates et al. 1994).
As manifold as the reasons for the induction of cell death are the molecular
events happening in response to the apoptosis-inducing signals. Some of the
proteins or genes involved in apoptosis are known; some induce and some
inhibit the programmed cell death (Williams and Smith 1993). Several
cellular or viral proteins have been identified as inhibitors of apoptosis, such
as bcl-2 (Hockenbery et al. 1990), adenoviral E1B (White et al. 1992), and
ber-abl (Evans et al. 1993). Other proteins represent the counterplayers of
these apoptosis-inhibiting molecules. Bax, a protein with domains homolo-
gous to bcl-2, is a dominant negative inhibitor of bcl-2, and also adenoviral
E1A (Lowe and Ruley 1993; Debbas and White 1993) and c-myc (Evan et al.
1992) have been identified as inducers of apoptosis. The tumor suppressor
protein p53 displays a mediating function not only in G arrest (reviewed in:
Wagner and Montenarh 1995), but also in induction of apoptosis. Thus, it is
a subtle task for a cell to find the balance between these positive and negative
regulators of apoptosis.

Insight into the importance of p53 for the induction of apoptosis comes
from a variety of cell lines carrying either mutant, inactivated or no p53. A
metastasizing variant of human Saos-2 cells (osteogenic sarcoma) producing
no endogenous p53 was transfected either with wild-type p53 or with a
mutant p53 (p53143A) (Radinsky et al. 1994). After injection of cells into
nude mice, metastases stemming from cells expressing p53 in the wild-type
conformation consist of a differentiated osteoid matrix and apoptotic cells,
whereas cells expressing the mutant conformation of p53 behave like the
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parental cells. Similar observations were made with murine erythroleukemia
cells (Ryan et al. 1993), which also lack an endogenous p53. Transfected
with a temperature-sensitive mutant of p53 (p53Vall35), cells undergo
apoptosis only when expressing the wild-type conformation. Cell lines
carrying a mutated p53, such as a Burkitt’s lymphoma line (Ramqvist et al.
1993) or a human colon carcinoma-derived cell line EB (Shaw et al. 1992),
were drastically reduced in their viability or in their ability to form tumors in
nude mice when wild-type p53 was introduced. The same effects were
observed in cells where wild-type p53 was inactivated by the binding to
SV40 large-T antigen. Both hepatocytes and kidney tubule cells from mice
transformed with a temperature-sensitive T antigen were able to follow only
the apoptotic pathway when grown at the nonpermissive temperature pro-
ducing a nonfunctional T antigen (Yanai and Obinata 1994). A T antigen
fragment providing the pRb-binding region but not the p53-binding domain
is able to produce only slow-growing tumors when introduced into the brain
chorioid plexus epithelial cells of transgenic mice (Symonds et al. 1994).
Aggressive tumor development is exclusively possible with intact SV40 T
antigen, thus inhibiting the p53-dependent apoptosis. Development of tu-
mors occurs when the wild-type conformation of p53 is inactivated in some
way, either by mutation or by interaction with viral proteins. From these
experiments it is evident that wild-type p53 is implicated in the induction of
apoptosis in many different cell lines, and this property also seems to be a
critical regulator of oncogenesis. Whether p53 is engaged in inducing pro-
grammed cell death seems to depend on the kind of external or internal
signals leading to apoptosis. Thus, p53 is not the universal executioner of a
doomed cell.

In the programmed cell death of prostatic glandular cells following an-
drogen ablation, p53 function is not required (Berges et al. 1993; Furuya and
Isaacs 1993), because the same apoptotic effects were observed after castra-
tion of wild-type and p53-deficient mice. In murine proerythroblasts in-
fected with an anemia-inducing strain of Friend virus, apoptosis is induced
by the deprivation of erythropoietin (Kelley et al. 1994). Although p53-de-
pendent pathways exist in those cells, the suicide in response to hormone
ablation is not committed to conformational changes or stabilization of the
wild-type p53 protein. The induction of cell suicide in thymocytes by Ca?t
or glucocorticoids does not make use of p53 as a mediating factor either
(Clarke et al. 1993).

Most of the studies published so far deal with apoptosis induced by DNA
damage. The majority of these experiments were performed with hemato-
poietic cells or thymocytes, where programmed cell death represents a
natural event in the clonal selection of autoreactive thymocytes. Other cells
which have been intensively studied in their response to DNA-damaging
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agents are cells from the intestinal mucosa. In some of these cells DNA damage
is accompanied by a rapid increase in the expression of wild-type p53, followed
by the apoptotic death of the cell. Cells from the small and large intestines of
normal and p53-deficient mice were compared with regard to their response to
yv-irradiation (Clarke et al. 1994; Merritt et al. 1994; Potten et al. 1994). Whereas
there is no difference in the level of spontaneous apoptosis in small intestine and
colon of normal and p53-deficient mice, the complete loss of p53 renders the
cells clearly radiation resistant. The apoptosis-inducing function of p53 is more
pronounced in small intestine than in colon cells. Furthermore, p53 is not able
to produce an all-or-nothing response, as there is an obvious dose dependency
for the induction of apoptosis (Jacquemier et al. 1994). Whereas mice deficient
in p53 failed to show any response to y-irradiation, mice heterozygous for p53
alleles exhibited a response intermediate between that of null and wild-type p53
mice. Similar observations conceming the p53-dependent apoptosis were made
in hematopoietic cells of mice (Lotem and Sachs 1993) and in thymocytes.
Immature thymocytes from mice lacking endogenous p53 (Lowe et al. 1993b),
from mice expressing mutant p53 with a deletion (Clarke et al. 1993), or those in
which p53 is inactivated by SV40 large-T antigen (McCarthy et al. 1994) are
completely resistant to the lethal effects of ionizing radiation. When intact T
antigen is substituted by a T antigen fragment unable to complex p53, the cells
retain their sensitivity to y-irradiation. As in intestinal mucosal cells, apoptotic
effects showed a dose dependency (Clarke et al. 1993). Besides the p53-de-
pendent pathways, apoptotic pathways exist in the same cell renouncing p33’s
cooperation. p53-deficient thymocytes which are insensitive to radiation are
able to initiate apoptosis when exposed to compounds mimicking T-cell recep-
tor engagement, or to glucocorticoids (Lowe et al. 1993b); they can also execute
processes leading to the negative clonal selection of autoreactive thymocytes
(McCarthy et al. 1994). Although all these findings concerning apoptosis in
response to DNA damage are true for immature thymocytes, the induction of
apoptosis in peripheral blood lymphocytes seems to be quite different (Seki et
al. 1994). Human peripheral blood lymphocytes exposed to Y-irradiation
undergo apoptosis but, depending on the subpopulation, the response differs.
While B cells and the TcRo/B" subpopulations of T cells depend on p53, no
identifiable levels of the tumor suppressor protein were induced in TcR y/8" T
cells or natural killer cells. In subpopulations stemming from the same pro-
genitor cell which carry out a p53-dependent apoptosis there has been a
development of p53-dependent and -independent pathways, leading to radia-
tion-induced apoptosis.

p353 is not involved in every apoptosis induction caused by DNA damage.
Only DNA damage which results in strand breaks leads to the increased
expression of p53 and the subsequent death of the cell (Nelson and Kastan
1994; Clarke et al. 1993). Agents rapidly inducing DNA damage such as
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ionizing radiation and bleomycin, and DNA topoisomerase-targeted drugs
like etoposide (inhibitor of topoisomerase II) trigger the p53 elevation.
Treatment of several human cell lines with the antimetabolite N-phosphono-
acetyl-l-aspartate (PALA) resulted in delayed increases in p53 levels tempo-
rally correlated with the first appearance of DNA strand breaks. The campto-
thecin-stimulated trapping of DNA topoisomerase completely failed to
increase p53 levels. A rapid increase in p53 level was also obtained by the
introduction of nucleases into human cells (Nelson and Kastan 1994), con-
firming the assumption that p53 becomes active only when the DNA strand
is broken. Thus, the tumor suppressor protein plays a major role in the
induction of apoptosis caused by DNA damage. However, the responses to
DNA-damaging agents differ strongly, depending on the cell type, the
maturation grade, the kind of damage, and the p53 level in the cell.

Besides radiation-induced p53-dependent apoptosis, there are also other
stimuli to release the tumor suppressor protein function. p53-dependent
apoptosis is observed in response to survival or growth factor withdrawal or
in response to certain cytokines. Hematopoietic cells usually die when they
are deprived of cytokines like interleukin 3 (Gottlieb et al. 1994) or inter-
leukin 6 (Yonish-Rouach et al. 1991, 1993). In the presence of these factors
cells can survive even when p53 is overexpressed in the cell line; thus, the
apoptotic effects are compensated by these effector substances. In factor-
dependent acute myeloid leukemia blasts (AML) and human erythroleuke-
mia cell line TF1 the induction of apoptosis could be attributed to wild-type
p53 by microinjection of p53 antisense oligonucleotides (Zhu et al. 1994).
Even in the absence of GM-CSF apoptosis of cells was suppressed by
inhibition of p53. Another cytokine whose effectiveness in apoptosis has
been demonstrated is tumor necrosis factor o (Gotlieb et al. 1994). Ovarian
carcinoma cells exposed to TNF o showed a time- and dose-dependent
up-regulation of p53 mRNA. Along with this up-regulation, cell suicide was
indicated by the typical DNA fragmentation. As observed in the developing
mouse lens, Rb deficiency leads to pS3-dependent apoptosis (Morgenbesser
et al. 1994). Under normal conditions, lens epithelial cells occasionally go
into apoptosis, but lens fiber cells do not. Rb deficiency causes apoptosis in
lens fiber cells which seems to depend on the presence of p53, as the
hallmarks of apoptosis such as DNA fragmentation were absent in embryos
from mice deficient in Rb and p53. The binding of pRb to the HPV E7
protein in the postnatal mouse lens led to very similar apoptotic effects,
which could be compensated by the simultaneous expression of the p53-
binding protein HPV E6 (Pan and Griep 1994). The expression of both viral
proteins led to a reduction of apoptosis and to formation of lens tumors. The
transcription factor E2F is possibly involved in this communicative pathway
between Rb and p53 leading to apoptosis (Wu and Levine 1994). Coex-
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pression of the two proteins in a murine cell line containing a temperature-
sensitive p53 and E2F results in a loss of viability.

p53 expression and subsequent apoptosis were also induced by nitric
oxide (Messmer et al. 1994). Nitric oxide is generated by a cytokine-induced
NO synthase or by NO donors. In certain mouse macrophages and in a
pancreatic B-cell line the NO generation stimulates the expression of p53
and the following cell death. By application of NO synthase inhibitors the
effects initiated by the NO generation are suppressed.

Another field of p53 function in apoptosis has been described in response
to cellular and viral oncogenes. A v-myc-induced T-cell lymphoma line
which is heterozygous for p53 and whose one p53 allele is inactivated by the
insertion of a Moloney murine leukemia provirus was transfected by a
temperature-sensitive mutant of p53 (p53Vall35). Shifted to its wild-type
conformation, p53 rapidly induces loss of viability of the transformed cells
(Wang et al. 1993a). The same seems to be true for the cellular counterpart
of the oncogene. c-myc is involved in cell transformation and proliferation as
well as in apoptosis. Constitutive c-myc expression can lead to cell death
when cell proliferation is inhibited, due to the lack of growth-stimulation
factors (Evan et al. 1992). c-myc-induced apoptosis seems to involve p53, as
in quiescent mouse fibroblasts with wild-type p53 activation of myc was
found to induce cell cycle reentry and apoptosis, preceded by a stabilization
of p53 (Hermeking and Eick 1994). In p53-null fibroblasts only cell cycle
reentry but not apoptosis was induced, thus suggesting that p53 takes over a
protecting role to prevent cell proliferation induced by oncogene activation.
Another viral oncogen which causes a p53-dependent apoptosis is the adeno-
virus E1A protein (Debbas and White 1993; Lowe and Ruley 1993; Lowe et
al. 1994). Usually, together with the viral product E1B, E1A leads to trans-
formation of primary rodent cells in a multistep process. By transfection of
the E1A product alone, cell proliferation is counteracted by a stabilized p53,
which turns on the apoptotic pathway. The E1B 19-kDa and the E1B 55-kDa
protein can interact independently with p53, and both provide distinct mech-
anisms to inhibit apoptosis and thus make the transformation of cells a
possible event (Shen and Shenk 1994).

An interesting reason for the initiation of apoptosis is the loss of intercel-
lular contact in a colon carcinoma cell line (Bates et al. 1994). The inhibition
of cell contact performed by an anti-integrin antibody drives the cells into
apoptosis. In contact-inhibited cells two proteins with molecular weights of
68 and 72 kDa are produced and p53 is translocated from cytoplasma to the
nucleus.

Only little is known about genes which are targeted by p53 and which, in
the end, help to kill a cell. The wild-type p53-activated fragment
WAF1/CIP1 seems to be involved not only in G arrest but also in apoptosis
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of certain cells (El-Deiry et al. 1994). The v-myc-expressing T-cell lym-
phoma line J3D lacking endogenous p53 and a derivative transfected with a
temperature-sensitive pS3 (M3) were compared with regard to their ability to
induce apoptosis. By shifting the cells to the permissive temperature, ex-
pression of WAF1 as well as the induction of apoptosis occurred only in the
pS3-expressing cell line M3. BAF3, a murine hematopoietic cell line, reacts
upon ionizing radiation with Gj arrest in the presence of II-3 and with
apoptosis after deprivation of IL-3. In both cases p53 and its downstream
effector WAF1 are expressed. Thus, the decision to commit suicide or not
depends on a second signal. In the same cell line WAF1 is not expressed
during the induction of p53-independent pathways. Thus, WAF1 seems to be
one of the specific effectors of p53-mediated apoptosis.

Two other genes are synergistic or antagonistic co-workers of p53 in the
execution of apoptosis: bcl-2, an apoptosis-suppressing gene, and bax, a
dominant inhibitor of bcl-2. bel-2 is a 25-kDa integral protein of the inner
mitochondrial membrane (Hockenbery et al. 1990) which was first detected
because of its oncogenic function in the majority of non-Hodgkin’s B-cell
lymphomas (Tsujimoto et al. 1985) The localization in the mitochondrial
membrane seems to be important for the apoptosis-inhibiting effects of bcl-2
(Nguyen et al. 1994). Overexpression of bcl-2 blocks apoptosis of a pre-B-
lymphocyte line (Hockenbery et al. 1990; Hockenbery 1992). The counter-
acting role of bcl-2 concerning p53-dependent apoptosis is possibly due to
the fact that in tumor cells often an inverse correlation or mutual exclusion
between the expression of p53 and bcl-2 exists (Silvestrini et al. 1994;
Haldar et al. 1994; Pezzella et al. 1993). Together with c-myc, bcl-2 is able
to modulate the p53 function by altering the subcellular trafficking during
the cell cycle (Ryan et al. 1994). The coexpression of two proto-oncogenes
in a murine erythroleukemia cell line can totally overcome the p53-induced
apoptosis by retaining the pS3 protein in the cytoplasm during a critcal
period in G1. In a v-myc-induced T-cell lymphoma line wild-type p53-trig-
gered apoptosis is inhibited by bcl-2 (Wang et al. 1993c). Thus, bcl-2 can
prevent apoptosis in a cell line simultaneously exposed to the cell-prolif-
erating signals of c-myc and the growth-arresting signals of wild-type p53.
p53 turned out to be a regulator of bel-2 and bax gene expression in vivo and
in vitro (Miyashita et al. 1994). In a murine leukemia cell line transfected
with a temperature-sensitive p53, a temperature-dependent decrease in the
expression of bcl-2 was observed, accompanied by a simultaneous increase
in the expression of the counteracting protein bax. In mice lacking p53 the
reverse observation was made, thus confirming indirectly the results made in
vitro. Two regions with a highly conserved homology (BH1 and BH2) are
important for the inhibition of apoptosis and the heterodimerization with
bax. Mutations in these regions abrogate the death-repressor activity and its
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ability for heterodimerization (Yin et al. 1994). A functional homolog of this
apoptosis-inhibiting protein is the adenoviral E1B gene product (White et al.
1992; Chiou et al. 1994). Human bcl-2 expression completely prevented
p53-dependent apoptosis in an adenovirus E1A-transformed rodent cell line
and converted the cells into a growth-arrested status without affecting the
levels or the localization of the p53 protein. Bax has been detected in
association with bcl-2 (Oltvai et al. 1993). The 21-kDa protein shares a high
sequence homology with its counteractor bcl-2 and can form heterodimers
with this protein. Bax accelerates apoptotic cell death induced by cytokine
deprivation (interleukin 3) and thus counteracts the repressor activity of
bcl-2. The efficiency of the dominant inhibitor of bcl-2 is shown by compari-
son of p53-dependent and TGFB1-dependent apoptosis (Selvakumaran et al.
1994). Both apoptotic pathways are based on the down-regulation of the
bel-2 expression, but only the p53-dependent pathway simultaneously in-
duces an up-regulation of bax. Not only does the p53-dependent apoptosis
occur more rapidly; even ectopic bcl-2 levels which inhibit the TGFB1-in-
duced apoptosis cause only a delay in the p53-dependent cell death. These
differences can presumably be attributed to the efficacy of bax in the initia-
tion of cell suicide. From all these experiments it becomes evident that the
ratio of bcl-2 to bax determines the survival or the death of a cell.

There are also reports which deal with p53-dependent apoptosis in the
absence of p53 target genes (Caelles et al. 1994). GHFT1 cells, SV40 T
antigen-immortalized cells from a transgenic pituitary tumor transfected
with a temperature-sensitive p53, undergo apoptosis in response to UV- and
y-irradiation, mitomycin C, and 4- nitroquinoline- 1-oxide when p53 is pres-
ent in its wild-type conformation. Apoptosis is triggered independent of
RNA or protein synthesis, and apoptotic cleavage happens only while p53 is
functional. The application of actinomycin D or cycloheximide inhibits the
induction of potential p53 target genes like WAF1 or mdm-2, but the
apoptotic program still takes place. According to these results, apoptosis
does not depend on activation of p53 target genes; p53 rather represses genes
necessary for cell survival or is a component of the enzymatic machinery for
apoptotic cleavage or repair of DNA. The fact that p53 is able to interact
with RPA (Dutta et al. 1993) would support this idea.

There is increasing evidence that cancer might be the consequence of the
inability of cells to induce apoptosis at the right time and in the right place.
Induction of cell death would presumably be an ingenious possibility of
treating some kinds of cancer in order to achieve tumor regression. As p53
seems to be important for at least some forms of apoptosis, it would be a
good tool in the fight against cancer. There are already some reports about
the application of p53 alone or in combination with anticancer drugs in
therapeutic trials.
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The cytotoxicity of some anticancer agents like ionizing radiation, 5-fluo-
rouracil, etoposide, and adriamycin is clearly modulated by a p53-dependent
apoptosis (Lowe et al. 1993a). p53 is necessary for the efficient performance
of the death program, as mouse embryonic fibroblasts deficient in p53 are
resistant to this diverse group of chemotherapeutic drugs. The fact that
different therapeutic agents seem to use a common mechanism to kill a cell
also provides a possible explanation for the development of multidrug resis-
tance.

Stimulation of apoptosis which might lead to tumor regression is turned
on by the application of selenodiglutathione (SDG), for example (Lanfear et
al. 1994). In murine erythroleukemia cells (MEL) and the ovarian cell line
A2780, SDG induces rapid and irreversible changes in morphology charac-
teristic for apoptosis. The apoptotic cells show a higher membrane per-
meability and the typical chromosomal fragmentation, but only the ovarian
cell line which contains wild-type p53 shows an elevation in p53 level. As
MEL cells contain mutant p53, the tumor suppressor is not necessarily
connected to the induction of the apoptotic effects induced by the application
of selenodiglutathione. The introduction of wild-type p53 itself is utilized to
increase the chemosensitivity towards some kinds of drugs in human lung
cancer cells (Fujiwara et al. 1994). The human lung cancer cell line H358,
with a homozygous deletion of p53, shows a higher sensitivity towards
cisplatin when transfected with a recombinant adenovirus construct contain-
ing wild-type pS3. In nude mice implanted with H358 tumors the combined
administration of cisplatin and the p53 construct led to a massive destruction
of tumors by apoptosis. Also p53 alone turned out to be a successful thera-
peutic agent. Multicellular tumor spheroids of human non-small-cell lung
cancer cell lines serve as a model for solid tumors (Fujiwara et al. 1993).
H322a cells express a p53 gene which is homozygously mutated at codon
248; WT226 cells have an endogenous wild-type p53. A retroviral vector
with a wild-type p53 can penetrate the tumor spheroids and cause apoptotic
effects in the H322a cell line; the WT226 cell line is immune towards the
apoptotic effects of the ectopic p53. The introduction of p53 in an adenoviral
vector has also been successfully applied in squamous cell carcinoma of the
head and neck (Liu et al. 1994). After the transduction of the plasmid,
exogenous wild-type p53 was expressed at levels up to tenfold higher than
the endogenous mutant p53. In vitro the expression resulted in growth arrest
and morphological changes consistent with apoptosis. In nude mice with
established carcinoma nodules regression of the tumors was observed after
peritumoral infiltration of the vector. All these examples show the useful-
ness of p53 in cancer therapy by attenuating the replication rate of tumor
cells in vitro and the growth of solid tumors in vivo.
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5 Concluding Remarks

p53 plays a major role in some forms of apoptotic processes. In response to
some external or internal signals like DNA damage, stress situations like
growth factor withdrawal, or the presence of oncogenes, levels of wild-type
p53 are elevated in the cell. p53 turns out to be a component of a genetically
controlled cascade of events leading at least to cell suicide. In this process
p53 does not take over the decision about life or death of a cell; rather, it acts
as a mediator between the decisive institution and the executive tools. Thus,
apoptosis proves to be a complex process in which p53 plays an important
but not the decisive role; putting together all the pieces of this complex
puzzle may help in fighting cancer.
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1 Introduction

Not very long ago, a nitric oxide synthase was purified (Bredt and Snyder
1990; Mayer et al. 1990), the identities of nitric oxide (NO) and endothe-
lium-derived relaxing factor were demonstrated (Ignarro et al. 1987; Palmer
et al. 1987), and synthesis of nitrite and nitrate from L-arginine by activated
macrophages was observed (Stuehr and Marletta 1985). Research in nitric
oxide biochemistry is developing rapidly. Nitric oxide synthesis is wide-
spread, occurring not only in mammals (Knowles and Moncada 1994), but
also in the chick (Holscher and Rose 1992; Sung et al. 1994), a terrestrial
mollusk (Gelperin 1994), a fish (Ostholm et al. 1994), insects (Ribeiro and
Nussenzweig 1993; Miiller 1994), and a slime mold (Werner-Felmayer et al.
1994). Actions of nitric oxide in the organism are diverse (Nathan 1992),
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including neurotransmission and vascular relaxation (Moncada et al. 1991),
and antimicrobial, antiviral, and antiproliferative activities (Nathan and
Hibbs 1991; Karupiah et al. 1993; Lepoivre et al. 1991), to mention just a
few. Biochemically, nitric oxide can regulate transcription by action on a
transcription factor (Peunova and Enikolopov 1993), alter translation by
action on a protein binding to RNA (Drapier et al. 1993; Weiss et al. 1993a),
and directly activate or inhibit several enzyme proteins.

A number of reviews on various aspects of nitric oxide biochemistry have
been published. In 1994, reviews focused on NO as a physiological mess-
enger molecule (Lowenstein et al. 1994; Bredt and Snyder 1994), mamma-
lian NO synthases (Knowles and Moncada 1994), control of NO synthases
(Nathan and Xie 1994), aspects concerning structure and catalysis (Marletta
1994a), target interactions (Stamler 1994), and functional roles (Schmidt
and Walter 1994). Our review will put special emphasis on aspects related to
our work, including the role of pteridines for NO synthesis by pure enzyme
and in intact cells, as well as the action of NO on soluble guanylyl cyclase
and iron metabolism.

2 Pteridine Metabolism

Pteridines are a class of of compounds sharing a common pyrazino [2, 3-d]
pyrimidine structure. These comprise vitamins such as riboflavin and folic
acid, as well as compounds also synthesized by mammals like neopterin,
biopterin, and molybdopterin (Nichol et al. 1985). Neopterin derives from
the first intermediate in tetrahydrobiopterin synthesis. It occurs in significant
amounts only in the body fluids of humans and primates, where its concen-
tration is increased by cytokines formed in response to a challenge of the
cell-mediated immune system (Fuchs et al. 1988; Wachter et al. 1989).
Tetrahydrobiopterin is one of the cofactors of nitric oxide synthases. Its role
has thus far been studied in most detail in hydroxylation of aromatic amino
acids (Kaufman 1993). Molybdopterin acts as a cofactor of xanthine and
sulfite oxidases in animals and of several oxidoreductases in plants and
bacteria. Molybdopterin is thought to be synthesized also in mammals, but
the pathway is not yet understood in detail. Interestingly, molybdopterin
occurs in some enzymes as a dinucleotide (Rajagopalan and Johnson 1992).

Pteridines were first characterized as pigments in butterfly wings (Hop-
kins 1889), which explains the designation of the compound class (the Greek
pteron signifies wing). Apparently, all pteridines are synthesized from GTP
by hydrolytic cleavage of the heterocycle and rearrangement including the
ribose moiety (Fig. 1). The first step in riboflavin synthesis is catalyzed by
GTP cyclohydrolase II (Brown and Williamson 1982; Richter et al. 1993).
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Most other pteridines formed, however, derive from dihydroneopterin tri-
phosphate, which is synthesized from GTP by the action of GTP cyclohydro-
lase I (Fig. 1). These include tetrahydrobiopterin in mammals, dihydrofolate
in bacteria (Brown and Williamson 1982), and possibly also molybdopterin,
which in yeast has recently been shown to be formed from 6-hydroxymethyl
pterin and glycerinaldehyde 3-phosphate (Irby and Adair 1994).

2.1 Biosynthesis of Tetrahydrobiopterin

Biosynthesis of tetrahydrobiopterin from GTP requires three enzymatic
steps (Nichol et al. 1985; Fig. 2). GTP is first cleaved by GTP cyclohydro-
lase I (EC 3.5.4.16) to yield dihydroneopterin triphosphate, which is then
converted in an Mg(2+)-dependent reaction to 6-pyruvoyl tetrahydropterin

by 6-pyruvoyl tetrahydropterin synthase (EC 4.6.1.10). Subsequently, the
two keto-groups of the side chain are reduced in an NADPH-dependent way

GTP
HCOOH GTP-cyclohydrolase |

OH OH

cn0-r08
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Fig. 2. Biosynthesis of tetrahydro-
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biopterin from GTP. GTP cyclohy-
drolase I, the major regulatory point
of the pathway (see Fig. 4), does not
require cofactors. 6- Pyruvoyl tetra-
hydropterin synthase needs Mg and
sepiapterin reductase needs NADPH
to operate. In cases of sepiapterin re-
ductase impairment or inhibition, the
two keto groups of the side chain can
also be reduced by aldose reductase
and carbonyl reductase
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by sepiapterin reductase (EC 1.1.1.153) to yield 6R 5,6,7,8-tetrahydrobiop-
terin, which, for the sake of brevity, will be called tetrahydrobiopterin in this
review. The reductions are also catalyzed by action of carbonyl reductase
and aldose reductase (Park et al.1991). These two additional enzymes may
become important in circumstances of sepiapterin reductase impairment or
inhibition. The three enzymes required for tetrahydrobiopterin synthesis in
rat and human liver, GTP cyclohydrolase I, 6-pyruvoyl tetrahydropterin
synthase, and sepiapterin reductase, have been cloned (Hatekeyama et al.
1991; Inoue et al. 1991; Citron et al. 1990; Giitlich et al. 1994; Thony et al.
1992; Ashida et al. 1993; Ichinose et al. 1991). GTP cyclohydrolase I from
Escherichia coli has been crystallized, and some structural data are known
(Schmid et al. 1992). For 6-pyruvoyl tetrahydropterin synthase the crystal
structure and human chromosomal location (11Q22.3-Q23.3) have recently
been determined (Nar et al. 1994; Thony et al. 1994).

Rare inherited diseases with partial defects in tetrahydrobiopterin biosyn-
thesis or recycling lead to hyperphenylalaninemia caused by lack of suffi-
cient cofactor for phenylalanine hydroxylase (Blau 1988). Strategies and
guidelines for the screening of these defects have been developed (Dhondt
1991; Blau et al. 1992). Since the biosynthesis of 5-hydroxy tryptophan and
3,4-dihydroxy phenylalanine is also affected by tetrahydrobiopterin defi-
ciency, patients are additionally treated with these compounds to cure the
mental retardation associated with the deficiency (Mclnnes et al. 1984;
Synderman et al. 1987). Attempts have been made to use tetrahydrobiopterin
and sepiapterin (Curtius et al. 1979) or 6-methy! tetrahydropterin (McInnes
et al. 1984) to treat the defects in tetrahydrobiopterin biosynthesis. Nitric
oxide synthases require tetrahydrobiopterin and might therefore also be
disturbed in inhented defects of tetrahydrobiopterin synthesis, and this dis-
turbance might contribute to the neurological symptoms. In this context, it is
important to note that only partial defects of tetrahydrobiopterin synthesis
are known. Thus, total lack of tetrahydrobiopterin may be incompatible with
life. While treatment with sepiapterin (see Sect. 2.2) or tetrahydrobiopterin
would also stimulate nitric oxide synthase, 6-methyl tetrahydropterin might
stimulate only aromatic amino acid hydroxylation, due to a lower selectivity
of the latter enzymes for the natural cofactor tetrahydrobiopterin. It remains
to be seen whether differences in the clincal outcome of treatment regimens
are caused by different effects on nitric oxide synthesis.

In human liver, as well as in cultured human cells, 6-pyruvoyl tetrahy-
dropterin synthase activity is found to be about two orders of magnitude
lower than in tissues of other mammals (Hasler and Niederwieser 1986;
Werner et al. 1990, 1991a, 1993). This enzyme activity is particularly low in
human macrophages (Schoedon et al. 1987; Werner et al. 1990). As a result,
neopterin derivatives accumulate in tissues and body fluids of human beings
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and are synthesized in high amounts in cytokine-stimulated human macro-
phages (Huber et al. 1984; Schoedon et al. 1986). Considerable amounts of
neopterin were also found in tissues of a primate (Duch et al. 1984). Stimu-
lation of GTP cyclohydrolase I by cytokines (see below) can therefore be
monitored by measurement of neopterin levels in body fluids of human
beings and primates (Fuchs et al. 1988; Wachter et al. 1989). The biochemi-
cal cause for the lower activity of 6-pyruvoyl tetrahydropterin synthase in
human tissues and cells remains to be elucidated. It is also not clear at
present whether neopterin derivatives accumulate to serve functional roles
(Weiss et al. 1993b; Woll et al. 1993; Uberall et al. 1994) or indicate a partial
degeneration of the pathway.

2.2 Pharmacological Manipulation
of Intracellular Tetrahydrobiopterin Levels

Tetrahydrobiopterin biosynthesis is regulated by several mechanisms, which
almost exclusively affect the first and key enzyme, GTP cyclohydrolase 1.
GTP cyclohydrolase I from rat liver shows a positive cooperativity for GTP
(Hatakeyama et al. 1989) and is inhibited by dihydro- and tetrahydropterins,
the end products of the pathway (Shen et al. 1988). Phenylalanine, which
requires tetrahydrobiopterin to be metabolized, stimulates GTP cyclohydro-
lase I activity in rat liver by a regulatory protein binding to the enzyme
(Harada et al. 1993).

In addition to these actions on GTP cyclohydrolase I protein, proinflam-
matory cytokines like interferon-gamma or tumor necrosis factor-alpha
stimulate the activity of GTP cyclohydrolase I (Blau et al. 1985; Schoedon
et al. 1986; Werner et al. 1989, 1993), presumably by causing an induction,
i.e., an increased transcription and de novo synthesis of the enzyme. The
extent of this induction is remarkable. In cultured human cells, for example,
the enzyme activity is stimulated up to 100-fold by interferon-gamma (Wer-
ner et al. 1989). This stimulation is thought to be caused by induction of GTP
cyclohydrolase I because it takes about 24 h to reach maximal activity and
because the Km for GTP remains unchanged (Werner et al. 1990). In addi-
tion, mRNA from cytokine-treated cells showed increased hybridization
with a cDNA probe of rat liver GTP cyclohydrolase I (Geller et al. 1993;
Schott et al. 1993; Scott-Burden et al. 1993; Nakayama et al. 1994). Indica-
tions for an increase of GTP cyclohydrolase | mRNA were also found with a
polymerase-chain reaction using primers specific for rat liver GTP cyclohy-
drase I (Hattori and Gross 1993). Following treatment of rats with bacterial
lipopolysaccharide, GTP cyclohydrolase I activities and tetrahydrobiopterin
levels were found to be increased in several reglons of the body, including
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Table 1. Stimulation of pteridine synthesis in cultured cells. Although this has been demon-
strated in only a few examples, it is assumed that the cytokines stimulate pteridine synthesis by
increased transcription and following de novo synthesis of GTP cyclohydrolase 1. Some of the
actions of the mentioned cytokines may be exerted in an indirect way, i.e., by induction of other
cytokines, in particular, when mixtures of cells like peripheral blood mononuclear cells are
stimulated. Due to a low 6-pyruvoyl tetrahydropterin synthase activity in human cells, induction of
GTP cyclohydrolase I leads to accomulation of neopterin derivatives in addition to tetrahydrobiop-
terin in the cells. In cells of rats and mice, however, only tetrahydrobiopterin is formed, due to an

activity of 6-pyruvyol tetrahydropterin synthase that is two orders of magnitude higher

Cell Stimuli Reference

Human

A431 epidermoid carcinoma IFNy Werner et al. (1989)

A498 kidney carcinoma IFNy Werner et al. (1989)

AS549 lung carcinoma IFNy Werner et al. (1989)

B lymphocytes (blood) IFNy, IL-2, PWM Hofmann et al. (1992)

Endothelial cells, umbilical vein  IFNy, TNFo, LPS Werner-Feimayer et al. (1993b),

Rosenkranz-Weiss et al. 1994)

Endothelial cells ea.hy926 IFNy, TNFa, Schoedon et al. (1993a)

IL-1,LPS

Fibroblasts (dermis)

IFNy, TNFo, IL-1?

Werner et al. (1989, 1990, 1993)

HUT102 T-lymphocytes IFNy, IL-2 Ziegler et al. (1990),
Giitlich et al. (1992)
Macrophages, peripheral blood IFNo,8,y, TNFa, Huber et al. (1984),
LPS Schoedon et al. (1986),
Troppmair et al. (1988),
Werner-Felmayer et al. (1989)
Mononuclear cells, periph. blood IFNa,B,y, IL-2, Huber et al. (1983, 1984),
LPS, PHA,PWM Ziegler (1985),
Ziegler et al. (1986, 1990),
Blau et al. (1985),
Troppamir et al. (1988),
Werner-Felmayer et al. (1989),
Giitlich et al. (1992)
ME-180 cervial carcinomacells  IFNy Werner-Felmayer et al. (1993c)
MT-2 T cells (umbilical cord) IFNy, IL-2 Ziegler et al. (1990),
Schott et al. (1993)
SK-HEP-1 hepatoma IFNYy Werner et al. (1989)
T lymphocytes (periph. blood) PHA Ziegler et al. (1990),
Schott et al. (1993)
THP-1 monocytoma IFNo,B,Y, TNFa, Werner-Felmayer et al. (1990)
LPS
T24 bladder carcinoma IFNy Werner et al. (1989, 1990)
U138MG glioblastoma IFNy Werner et al. (1989)
U373 gliobalstoma IFNy Sakai et al. (1993a)

U937 monocytoma

Schott et al. (1993)
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Table 1 (continued)

E.R. Werner et al.

Cell Stimuli Reference
Murine
Fibroblasts, dermal IFNY, TNFou Werner et al. (1991a)
J774A1 macrophage line constitutive Werner et al. (1991a)
L929 fibroblasts IFNy, TNFo Werner-Felmayer et al.,
unpublished
Macrophages, B10-BR, resident LPS Schoedon et al. (1987)
Macrophages, balb/c, resident IENY, TNFo Werner et al. (1991a)
Macrophages, C3H/HeN, elicited LPS Schoedon et al. (1993b)
OVA T-cell line IL-2 Schoedon et al. (1987)
P388D1 macrophage line constitutive Werner et al. (1991a)

RAW264 macrophage line constitutive, IFNy, = Tayeh and Marletta (1989),
LPS Kwon et al. (1989),
Sakai et al. (1993a)
Rat
Macrophages elicited IFNy + LPS Sakai et al. (1993a)
Glomerular mesangial cells IL-1 Miihl and Pfeilschifter (1994)
Smooth muscle cells IL-1,LPS Gross and Levi (1992),

Scott-Burden et al. (1993),
Hattori et al. (1993)

 Werner-Felmayer et al., unpublished.

spleen, liver, and brain (Werner-Felmayer et al. 1993a). Induction of pte-
ridine synthesis has been observed in different cell types of human beings,
rats and mice (Table 1). In addition to the cells mentioned in Table 1,
increased GTP cyclohydrolase I transcription has been observed in rat and
human hepatocytes (Geller et al. 1993; Niissler, personal communication).
Hormones also stimulate tetrahydrobiopterin synthesis by induction of
GTP cyclohydrolase I, as indicated by increased activities in adrenal me-
dulla and cortex of rats treated with insulin or reserpine (Viveros et al. 1981)
and by increased biopterin levels in glucocorticoid-treated rat hepatoma
cells (Parniak and Pilkington 1989). Dexamethasone increased the stimula-
tory action of lipopolysaccharide on purified macrophages. In lipopolysac-
charide-mediated stimulation of GTP cyclohydrolase I in peripheral blood
mononuclear cells, however, glucocorticoids decrease GTP cyclohydrolase I
induction by interfering with the production of proinflammatory cytokines
like interferon-gamma (Werner-Felmayer et al. 1989). Antiinflammatory



Biosynthesis of Nitric Oxide 105

cytokines are able to inhibit induction of GTP cyclohydrolase I activities.
These include transforming growth factor beta (Schoedon et al. 1993a;
Scott-Burden et al. 1993), as well as interleukin 4 and interleukin 10 (Schoe-
don et al. 1993a).

Whereas cytokines regulate the activity of GTP cyclohydrolase I, the two
subsequent enzymes, 6-pyruvoyl tetrahydropterin synthase and sepiapterin
reductase, are constitutively expressed and remain unaffected by the cyto-
kine treatment (Werner et al. 1990). Although the subsequent enzyme activ-
ity, 6-pyruvoyl tetrahydropterin synthase, is not sufficiently active in human
cells to convert all 7,8-dihydroneopterin triphosphate to tetrahydrobiopterin
(see Sect. 2.1), tetrahydrobiopterin levels in these cells are still under control
of GTP cyclohydrolase I. The reason for this behavior is the Km of 10 uM
7,8-dihydroneopterin triphosphate for 6 pyruvoyl-tetrahydropterin synthase
(Takikawa et al. 1986; Werner et al. 1991b), which is at least one order of
magnitude higher than the intracellular concentrations of 7,8-dihydroneop-
terin triphosphate reached in the cells.

The various ways to manipulate tetrahydrobiopterin levels in cultured
cells are summarized in Fig. 3. In addition to stimulation of GTP cyclohy-
drolase I activity, intracellular tetrahydrobiopterin levels may be raised by
treating cells with tetrahydrobiopterin or with sepiapterin. Sepiapterin is
taken up by the cells and is reduced first by sepiapterin reductase to 7,8-di-
hydrobiopterin and then by dihydrofolate reductase to tetrahydrobiopterin
(Nichol et al. 1985). Inhibitors of dihydrofolate reductase like methotrexate
therefore efficiently inhibit the generation of tetrahydrobiopterin by this
route. Depletion of GTP pools by IMP-dehydrogenase inhibitors (e.g., thia-
zofurin) decreases intracellular tetrahydrobiopterin concentrations (Hata-
keyama et al. 1992). In PC-12 cells, an increase of GTP above control levels
did not augment the tetrahydrobiopterin content, and GTP cyclohydrolase I
seems to be almost saturated with GTP (Hatakeyama et al. 1992). Although
GTP levels rise in cytokine-treated macrophages up to threefold (Schoedon
et al. 1987), the increase in pteridine synthesis in this case appears to be
mediated predominantly by induction of the enzyme, which results in up to
100-fold activity measured at saturating GTP levels (Blau et al. 1985;
Schoedon et al. 1986; Wemer et al. 1989, 1990). The next and key regulator
step is GTP cyclohydrolase I. As outlined above, its activity is increased by
proinflammatory cytokines, hormones, and, in the liver, by phenylalanine.
Inhibition of GTP cyclohydrolase I is mediated by anti-inflammatory cyto-
kines (Schoedon et al. 1993a; Scott-Burden et al. 1993), by di- and tetrahy-
dropterin end products (Shen et al. 1988), and by certain pyrimidines like
2,4-diamino 6-hydroxy pyrimidine (DAHP, Gal et al. 1978). This inhibitor
is required in millimolar concentrations and is therefore only marginally
suited for in vivo work. 6-Pyruvoyl tetrahydropterin synthase, the sub-
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Fig. 3. Regulation of intracellular tetrahydrobiopterin by drugs. The indicated agents either
stimulate (solid-line arrows) or inhibit (dashed arrows) the respective enzymes. These agents
alter transcription (the cytokines and, presumably, also the glucocorticoids) or interact with
the proteins to stimulate or inhibit the enzyme activity (the other agents). GTP cyclohydrolase
I shows a positive cooperativity for GTP. The significance of this finding for the regulation of
intracellular tetrahydrobiopterin levels is not entirely clear at present. Stimulatory action of
phenylalanine on GTP cyclohydrolase I in the rat liver is mediated by a separate regulatory
protein, which also has a binding site for feedback inhibition by tetrahydrobiopterin. The
pathway from sepiapterin to tetrahydrobiopterin is not important for normal metabolism of
the cell but provides a means of increasing intracellular tetrahydrobiopterin independently of
its biosynthesis from GTP by administering synthetic compounds. LPS, lipopolysaccharide;
DAHP, 2 4-diamino 6-hydroxy pyrimidine

sequent enzyme, is inhibited by comparatively high doses of monapterin
(Blau et al. 1987). The next step for interference with tetrahydrobiopterin
biosynthesis is sepiapterin reductase, which is efficiently inhibited by N-ace-
tyl serotonin (Katoh et al. 1982), by phenprocoumon (Sueka and Katoh
1985), or by more recently devoloped sepiapterin reductase inhibitors
(Smith et al. 1992).

2.3 Pteridine-Dependent Hydroxylases

The metabolic role of tetrahydrobiopterin has thus far been studied in most
detail in aromatic amino acid hydroxylases (Kaufman 1993). In addition to
NO synthase, four reactions are known to depend on tetrahydrobiopterin:
phenylalanine 4-mono-oxygenase (EC 1.14.16.1; Kaufman 1963), tyrosine
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3-mono-oxygenase (EC 1.14.16.2; Shiman et al. 1971), tryptophan 5-mono-
oxygenase (EC 1.14.16.4; Friedman et al. 1972), and alkyl glycol-ether
mono-oxygenase (EC 1.14.16.5; Tietz et al. 1964, Kaufman et al. 1990).
Regarding the role of the tetrahydropterin cofactor, these enzymes share
characteristics of the mechansim which are in clear contrast to nitric oxide
synthase: (a) In these four enzymes not only tetrahydrobiopterin, but also a
number of other tetrahydropterins are capable of stimulating the activity.
Although there is a role for the stereochemistry of C6 of the pterin (Bailey et
al. 1991), the differences are much less pronounced than with NO synthase,
which for activity stimulation and binding shows a high specificity for the
natural tetrahydrobiopterin isomer (Kwon et al. 1989; Giovanelli et al. 1991;
Klatt et al. 1994a). (b) Compared with phenylalanine hydroxylase, which
shows an apparent Kn, for tetrahydrobiopterin of 21 uM (Bailey et al. 1991),
NO synthases are stimulated half-maximally by much lower concentrations,
ie., 0.03-0.15 pM (Kwon et al. 1989; Mayer et al. 1990; Giovanelli et al.
1991). (c) In all four enzymes, in the absence of dihydropteridine reductase
and NADPH, added tetrahydrobiopterin catalyzes a stoichiometric amount
of product formation. In NO synthase, in contrast, no reaction occurs when
tetrahydrobiopterin is added in the absence of NADPH. In the presence of
NADPH, however, one equivalent of tetrahydrobiopterin added stimulates
the formation of at least ten equivalents of product (Mayer et al. 1991;
Giovanelli et al. 1991). (d) Whereas nitric oxide synthases are heme proteins
(see Sect. 3.2), the pteridine-dependent hydroxylases contain non-heme
iron, which in phenylalanine hydroxylase has been shown to be ligated by
two specific histidine residues (Gibbs et al. 1993). The iron is essential for
activity and is found in the vicinity of the hydroxylation site of the substrate
in a distance compatible with a mechanism involving formation of an iron-
bound oxo- or peroxo species as active agent (Martinez et al. 1993).
Following the hydroxylation of the substrate, tetrahydrobiopterin is re-
cycled to the active cofactor by two enzymes, 4a-carbinolamine dehydratase
and dihydropteridine reductase (Fig. 4; Kaufman 1993). The tetrahydrop-
terin cofactor leaves the phenylalanine hydroxylase reaction as a 4a-hydroxy
derivative. This is dehydrated by 4a-carbinolamine dehydratase, a protein
that, surprisingly, was found to be identical to a nuclear factor involved in
transcriptional regulation, DCoH (Citron et al. 1992; Thény et al. 1993). If
4a-carbinolamine dehydratase is missing, a small part of the molecule rear-
ranges to a derivative with the side chain in the 7- rather than in the
6-position of the pteridine ring (Fig. 4; Curtius et al. 1990; Davies et al.
1991). Most of the 4a-hydroxy derivative spontaneously dehydrates, though
at a lower rate than in the presence of the enzyme. The product of the
4a-carbinolamine dehydratase reaction, the quinonoid 6,7(8H) dihydrobiop-
terin is then finally reduced by dihydropteridine reductase to tetrahydrobiop-
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terin. It is remarkable that up to now no indication of a similar cycle of
tetrahydrobiopterin in the stimulation of NO synthases has been found. No
dihydropteridine reductase activity (Giovanelli et al. 1991) and no 7-biop-
terin derivatives (Werner et al., unpublished) were found in investigations
with pure NO synthase. Since there are indications that a redox reaction of
tetrahydrobiopterin may contribute to product formation in NO synthase (see
Sect. 3.2), it is conceivable that these reactions occur inside the active NO
synthase dimer and are therefore not detected by the methods used thus far.

3 Biosynthesis of Nitric Oxide
3.1 Nitric Oxide Synthases

Soon after the first reports on mammalian NO synthesis appeared in 1987
(Ignarro et al. 1987; Palmer et al. 1987), cytosols of cytokine-activated
macrophages were shown to contain an enzymatic activity catalyzing an
NADPH-dependent conversion of the amino acid L-arginine to NO (Mar-
letta 1988). Subsequently, enzymatic NO formation was detected in a variety
of tissues, and, consistent with the apparent involvement of Ca®* in NO-
mediated signal transduction in blood vessels (Moncada et al. 1989) and
neurons (Garthwaite et al. 1988), NO synthesis turned out to require micro-
molar concentrations of free Ca* in both endothelial cells (Mayer et al.
1989) and brain (Bredt and Snyder 1989; Knowles et al. 1989), whereas
enzymatic NO formation occurred in a Ca? -1ndependent manner in cyto-
kine-activated macrophages (Marletta 1988). Meanwhile, three distinct NO
synthase (EC 1.14.13.39) isozymes have been purified, cloned, and bio-
chemically characterized. The different isozymes are biochemically similar,
utilizing molecular oxygen and NADPH for the oxidation of L-arginine to
L-citrulline and NO (see Fig. 5). As recently pointed out by Nathan and Xie
(1994), no consensus on the nomenclature of NO synthase isozymes has
been obtained so far (see also Forstermann et al. 1994). Here we use the
terms “’brain”’, “endothelial”’, and “’inducible’’ NO synthase as follows:
brain NO synthase for the soluble enzyme constitutively expressed in neu-
rons, endothelial NO synthase for the membrane-associated isozyme con-
stitutively expressed in endothelial cells, and inducible NO synthase for the
enzyme which is expressed only upon activation of cells by cytokines and
which does not require micromolar concentrations of Ca* for activity.

The first NO synthase isozyme was purified from rat cerebellum (Bredt
and Snyder 1990) The enzyme was described as a soluble 160-kDa protein
requiring Ca®*/calmodulin for activity. The isolated enzyme was found to be
labile, with a specific activity of about 1 mmol L-citrulline X min “Ix mg -1
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Fig. 5. The NO synthase reaction. NO synthases produce NO by catalyzing an NADPH-de-
pendent 5-electron oxidation of L-arginine. In the course of two sequential oxidation steps,
L-arginine is hydroxylated to NG-hydroxy-L-arginine first. This intermediate remains bound
to the enzyme and is oxidatively cleaved to L-citrulline and NO. The overall reaction involves
reduction of two oxygen molecules requiring a total of eight electrons. Five reducing equival-
ents are derived from guanidino nitrogen oxidation; co-oxidation of NADPH provides three
additional electrons

and a Ky, for L-arginine of 1.5 uM. Subsequently, a similar protein was
purified from porcine cerebellum on a larger scale and positively identified
as NO synthase by means of NO chemiluminescence and functional recon-
stitution with purified soluble guanylyl cyclase (Mayer et al. 1990). The
isolated porcine brain NO synthase was markedly stimulated by low concen-
trations of exogenous tetrahydrobiopterin, which at that time was believed to
be a cofactor of inducible NO synthase only (see Sect. 3.2). Based on
gel-filtration experiments, brain NO synthase was initially reported to be a
150- to 160-kDa monomer (Bredt and Snyder 1990; Mayer et al. 1990),
whereas velocity sedimentation analysis of rat cerebellar NO synthase has
suggested a homodimeric structure of the enzyme (Schmidt et al. 1991).
Recent data suggest that purified rat brain NO synthase may exist in a
monomer-dimer equilibrium, which is shifted towards the monomers at low
protein concentration (Masters 1994). Although brain NO synthase was
purified from soluble fractions, there is some evidence that the enzyme is to
some degree attached to membrane structures in the cell. Thus, a 150-kDa
protein with typical Ca? *_dependent NO synthase activity was purified from
detergent-solubilized particulate fractions of rat cerebellum (Hiki et al.
1992), and a considerable amount of NO synthase activity appears to be
located in the endoplasmic reticulum of brain tissues (Hecker et al. 1994).
Similar observations were made when the NADPH-diaphorase reaction
(Bredt et al. 1991a; Hope et al. 1991) was used for histochemical localization
of rat brain NO synthase by electron microscopy (Wolf et al. 1992). Cloning
of rat brain NO synthase revealed sequence similarities to cytochrome P-450
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reductase with consensus sites for binding of NADPH and the flavins FAD
and FMN (Bredt et al. 1991b).

In contrast to the brain isozyme, endothelial NO synthase is present to
80% in membrane fractions (Forstermann et al. 1991; Mayer et al. 1993). It
was purified from detergent-solubilized membranes of cultured bovine aor-
tic endothelial cells and described as a 135-kDa protein. As observed with
brain NO synthase, the endothelial enzyme required Ca**/calmodulin for
activity and was stimulated by tetrahydrobiopterin (Pollock et al. 1991).
Cloning of the enzyme revealed a consensus site for N-terminal myristoyla-
tion (Lamas et al. 1992; Sessa et al. 1992), and mutation of this motif
resulted in expression of a soluble enzyme (Busconi and Michel 1993; Sessa
et al. 1993), demonstrating that membrane association of endothelial NO
synthase is due to post- or co-translational modification. Interestingly, agon-
ist-induced phosphorylation was reported to trigger translocation of the
enzyme from the membranes to the cytosol of cultured endothelial cells
(Michel et al. 1993). Expression of this membrane-associated NO synthase
isoform is apparently not confined to endothelial cells. Immunohistochem-
istry and in situ hybridization studies suggest that neurons in the CA1 region
of the hippocampus express the endothelial isozyme (Dinerman et al. 1994).
NO is a putative retrograde messenger mediating synaptic plasticity in this
area of the brain, and studies with mice lacking the gene for neuronal NO
synthase indicated that the endothelial, rather than the neuronal isozyme
may be involved in long-term potentiation of synaptic transmission in the
CA1 region (Odell et al. 1994).

Most of the studies on the properties of inducible NO synthase have been
done with the enzyme obtained from cytokine-activated macrophages, but
expression of this isozyme can be induced by various stimuli in many other
mammalian cells (Nathan 1992; Niissler and Billiar 1993). Inducible NO
synthase has been purified from activated rat peritoneal macrophages (Yui et
al. 1991) and the murine RAW 264.7 macrophage cell line (Hevel et al.
1991; Stuehr et al. 1991a), as well as from liver of endotoxin-treated rats
(Evans et al. 1992). The native enzyme was reported to be a dimer with a
subunit molecular mass of approximately 130 kDa; enzyme activity did not
require the presence of micromolar concentrations of Ca®* and was stimu-
lated to various extents by tetrahydrobiopterin. Several lines of experimental
evidence suggest that calmodulin is an essential cofactor of inducible NO
synthase although this isozyme exhibits maximal activity under nominally
Ca®*-free conditions. The hepatic enzyme isolated by Evans et al. (1992)
was stimulated about fivefold by added calmodulin and only slightly
blocked by up to 2 mM EGTA, and cloning of macrophage NO synthase
revealed a consensus site for calmodulin binding (Lyons et al. 1992; Xie et
al. 1992). Finally, calmodulin was found to copurify with macrophage NO
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synthase even in the presence of very low concentrations of Ca’* (nM) (Cho
et al. 1992), suggesting that calmodulin represents a tightlg bound subunit of
inducible NO synthase even at resting intracellular Ca”* levels, whereas
binding of calmodulin to the constitutive enzymes requires agonist-induced
increases in free Ca>" to the micromolar range.

Biochemical characterization of purified NO synthases obtained from
various sources revealed a high complexity of this enzyme family. In accord-
ance to the amino acid sequence similarities between NO synthase and
flavin-containing cytochrome P-450 reductase (Bredt et al. 1991b), all three
NO synthase isozymes were found to contain equimolar amounts of the
reduced flavins FAD and FMN as prosthetic groups (Hevel et al. 1991;
Mayer et al. 1991; Stuehr et al. 1991a; HHH.W. Schmidt et al. 1992;
Pollock et al. 1993). As is well known for cytochrome P-450 reductase, NO
synthase-bound flavins shuttle reducing equivalents from the nucleotide
cofactor NADPH to an oxygenase domain, which is located in the active site
of the enzyme and catalyzes reductive activation of molecular oxygen requi-
site for L-arginine oxidation. This electron transfer appears to operate inde-
pendently of substrate metabolism, since both brain and macrophage NO
synthase catalyze an NADPH-dependent reduction of cytochromes and low-
molecular-mass electron acceptors in the absence of L-arginine (Klatt et al.
1992a; Abu-Soud and Stuehr 1993). This cytochrome reductase activity of
NO synthase occurs at rates about 20-fold higher than those for L-arginine
oxidation and is sensitive neither to cyanide nor to superoxide dismutase,
indicating that this enzymatic activity of NO synthase is due to a direct
transfer of electrons from the flavins to the acceptor molecules. The electron
transfer from NADPH to the oxygenase domain appears to be the calmo-
dulin-dependent step in NO synthesis, because the reductase activity of brain
NO synthase requires the presence of Ca**/calmodulin.

Atomic absorption spectroscopic analysis showed that purified porcine
brain NO synthase contained iron in a 1:1 stoichiometry and thus provided
the first hint that reductive activation of molecular oxygen may be catalyzed
by a redox-active iron in the catalytic site of the enzyme (Mayer et al. 1991).
Subsequently, brain and macrophage NO synthase were identified as cytoch-
rome P-450-like heme proteins, which are inhibited by agents such as CO,
cyanide, or miconazole, which typically interfere with P-450-mediated hy-
droxylation reactions (Klatt et al. 1992c; McMillan et al. 1992; Stuehr and
TIkeda-Saito 1992; White and Marletta 1992). More recently, properties and
coordination of the heme site of NO synthase have been studied in detail
using UV/VIS spectroscopy and other techniques (McMillan and Masters
1993; Matsuoka et al. 1994; Wang et al. 1993, 1994). Although the widely
accepted consensus site for P-450s is not apparent in the sequence of NO
synthases, amino acid residues believed to be critical for catalytic function of
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P-450, including a cysteine presumably serving as thiolate ligand of the
heme, are strongly conserved in the three isozymes known so far, suggesting
that NO synthases belong to the cytochrome P-450 superfamily (Renaud et
al. 1993).

In contrast to NO synthases, the well-established microsomal P-450-con-
taining mono-oxygenase systems consist of two separate proteins: a cyto-
chrome P-450 heme protein, which catalyzes substrate hydroxylation, and an
FAD- and FMN-containing cytochrome P-450 reductase, responsible for
electron transfer from NADPH to the cytochrome (Guengerich 1991; Deg-
tyarenko and Archakov 1993). As outlined above, NO synthases contain the
heme and the flavins within a single polypeptide and exhibit sequence
similarities to both P-450 mono-oxygenases and the respective reductases
(Bredt et al. 1991b; Renaud et al. 1993). Accordingly, NO synthases appear
to have emerged from convergent evolution and combine two catalytic
functions which have evolved separately, i.e., flavin-catalyzed cytochrome
reductase and heme iron-catalyzed oxygenase activity. The bidomain struc-
ture of NO synthase was recently confirmed by separation of the reductase
and oxygenase domains subsequent to tryptic cleavage of the rat brain
enzyme (Sheta et al. 1994). As self-sufficient cytochromes P-450, NO syn-
thases are unique within mammalian P-450 systems but resemble the soluble
bacterial fatty acid hydroxylase cytochrome P-450BM-3 which has been
purified and cloned from Bacillus megaterium (Fulco 1991).

The precise mechanism of NO formation is not known. The reaction
involves a 5-electron oxidation of one of the chemically equivalent gua-
nidino-nitrogens of L-arginine, leading to the concomitant production of
L-citrulline and NO. It is accompanied by an NADPH-dependent reduction
of molecular oxygen (Mayer et al. 1991), which is incorporated into both
reaction products (Kwon et al. 1990; Leone et al. 1991). Studies with
purified macrophage and brain NO synthase suggest a two-step reaction
involving formation of N -hydroxy-L-arginine as an intermediate, which is
normally not released in considerable quantities from the enzyme but imme-
diately undergoes oxidative cleavage to yield NO and L-citrulline (Stuehr et
al. 1991b; Klatt et al. 1993; (see Fig. 5). Incubation of macrophage and brain
NO synthase with substoichiometrical amounts of NADPH revealed that
1.5 mol of the nucleotide are consumed for the formation of 1.0 mol of
L-citrulline (Mayer et al. 1991; Stuehr et al. 1991b). Two of the three
NADPH-derived reducing equivalents appear to be utilized for the initial
N-hydroxylation of L-arginine, and oxidative cleavage of NG-hydroxy-L-ar-
ginine to NO and L-citrulline may require an additional electron. Since
NADPH can transfer electrons only two at a time, it has been suggested that
enzyme-bound flavins store the extra fourth electron for use in the next
catalytic cycle. Accordingly, six electrons would be transferred to the heme
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from three molecules of NADPH in the course of two reaction cycles
(Feldman et al. 1993).

Activation of brain NO synthase by Ca?*/calmodulin triggers oxidation of
NADPH and transfer of electrons to the prosthetic heme group for reductive
activation of molecular oxygen. This enzymatic oxygen reduction also takes
place in the absence of L-arginine and then gives rise to the generation of
superoxide anions and hydrogen peroxide instead of NO (Mayer et al. 1991;
Heinzel et al. 1992; Pou et al. 1992). Upon addition of L-arginine, oxygen
activation couples to substrate metabolism, resulting in the formation of NO
and L-citrulline. Inducible NO synthase appears to down-regulate this un-
coupled oxygen reduction, as it does not oxidize appreciable quantities of
NADPH without a ligand being bound to its substrate site (Abu-Soud and
Stuehr 1993; Olken and Marletta 1993).

3.2 Role of Tetrahydrobiopterin as Cofactor of NO Synthases

It is now well established that tetrahydrobiopterin functions as an essential
cofactor in NO biosynthesis. This novel role of the pteridine was uncovered
in cytosolic fractions of LPS/interferon-gamma-activated macrophages
(Kwon et al. 1989; Tayeh and Marletta 1989) and was subsequently con-
firmed with the constitutive brain (Mayer et al. 1990) and endothelial (Pol-
lock et al. 1991) enzymes. Even after extensive purification, porcine brain
NO synthase was found to exhibit about 20% of maximal enzyme activity in
the absence of added tetrahydrobiopterin (Mayer et al. 1990). Analysis of
purified NO synthase preparations for endogenous pteridines revealed that
some amounts of tetrahydrobiopterin remained tightly bound during purifi-
cation (Mayer et al. 1991). This has been confirmed with NO synthase
isozymes isolated from various sources, although the amounts of copurified
tetrahydrobiopterin apparently vary, depending on the tissue source and
presumably also on the protocol applied for enzyme purification (Hevel and
Marletta 1992; Klatt et al. 1992b; Schmidt et al. 1992; Baek et al. 1993;
Pollock et al. 1993; Werner-Felmayer et al. 1994). Notwithstanding the
reported differences in tetrahydrobiopterin content, recombinant rat brain
NO synthase isolated from baculovirus-infected insect cells (Harteneck et al.
1994) was recently shown to contain essentially the same amount of tightly
bound pteridines (0.45 mol per mol of NO synthase subunit) as previously
found for the enzyme isolated from brain tissue (Schmidt et al. 1992).
Moreover, although the amount of NO synthase-bound heme and flavins was
markedly enhanced by feeding the cells with biosynthesis precursors, the
amount of bound tetrahydrobiopterin was not increased when cellular tetra-
hydrobiopterin levels were increased by the addition of tetrahydrobiopterin
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or sepiapterin to the culture medium (List et al., unpublished). Thus, the
substoichiometrical presence of tetrahydrobiopterin is apparently not due to
limited intracellular levels of the pteridine. Together with previous findings
demonstrating that the endogenous tetrahydrobiopterin is not displaced from
the brain enzyme by high-affinity antagonists (Klatt et al. 1994a), these
results possibly indicate that NO synthase dimers might contain two differ-
ent pteridine-binding sites, one of them accounting for the 0.5 mol of tetra-
hydrobiopterin remaining irreversibly bound per mol of enzyme and the
other being freely accessible to exogenously added ligands. However, this is
only speculation at present and awaits confirmation from pteridine-binding
studies with tetrahydrobiopterin-deficient NO synthase.

The role of tetrahydrobiopterin in NO synthesis is elusive thus far, but
current experimental evidence suggests that it may act bifunctionally as a
both redox-active and allosteric effector of NO synthase. Tetrahydrobiop-
terin is not involved directly in reductive activation of molecular oxygen
(Mayer et al. 1992), but redox activity of the pteridine is suggested by
experiments showing that the oxidized derivative dihydrobiopterin binds
with fairly high affinity to NO synthase without supporting catalytic activity
(Klatt et al. 1994a). NO synthase isozymes are unique as pteridine-depend-
ent cytochromes P-450, and, as we have pointed out recently (Mayer and
Werner 1995), evolution of tetrahydrobiopterin as a cofactor of these
enzymes could be a consequence of the rather unique properties of the
reaction product. NO binds with high affinity to ferrous heme and was
described as a potent inhibitor of classical microsomal cytochromes P-450
(Khatsenko et al. 1993; Wink et al. 1993; Stadler et al. 1994). In fact, NO
apparently blocks its own biosynthesis (Rogers and Ignarro 1992; Assreuy et
al. 1993; Buga et al. 1993) through binding to the prosthetic heme group of
NO synthase (Wang et al. 1994). Conceivably, tetrahydrobiopterin could be
required to prevent the interference of NO with redox cycling of the heme
iron. Recently, this hypothesis has gained some experimental support: (a)
7-Nitroindazole, a heme-site inhibitor of NO synthase, turned out to anta-
gonize pteridine binding to NO synthase, suggesting that the pteridine-bind-
ing domain is located proximal to the heme (Mayer et al. 1994); (b) bound
tetrahydrobiopterin was reported to affect the spectral properties of the
heme, indicating a cross-talk between the two prosthetic groups (Marletta
1994b); (c) tetrahydrobiopterin was found to prevent feedback inhibition of
NO synthase by NO (Griscavage et al. 1994); and (d) tetrahydrobiopterin
chemically inactivates NO, presumably leading to formation of peroxynitrite
(Mayer et al. 1995). Thus, enzyme-bound tetrahydrobiopterin appears to
interact with the prosthetic heme group, and inactivation of NO by the free
pteridine protects NO synthase from inhibition by its product. Future studies
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should clarify whether one of these effects may explain the crucial role of
tetrahydrobiopterin as a redox-active cofactor in NO synthesis.

Several years ago it was proposed that tetrahydrobiopterin might act as an
allosteric effector of NO synthase (Giovanelli et al. 1991). Taking into
account our current knowledge about the presence of tightly bound tetra-
hydrobiopterin in purified NO synthase, these earlier data do not provide
compelling evidence for the proposed role of the pteridine; nonetheless, this
hypothesis is supported by recent experimental findings. First, it has been
shown that tetrahydrobiopterin is required to keep macrophage NO synthase
in its active dimeric state and that dissociated, inactive monomers reassoci-
ate only when heme, tetrahydrobiopterin, and L-arginine are present simul-
taneously (Baek et al. 1993). Although brain NO synthase appears to behave
differently and remains a dimer under conditions that induce dissociation of
macrophage NO synthase (Klatt et al. 1994b), there is evidence for a similar
synergistic interaction between the L-arginine- and tetrahydrobiopterin-
binding sites of the constitutive isozyme. We studied substrate and pteridine
binding to brain NO synthase using tritium-labelled NG-nitro-L-arginine and
tetrahydrobiopterin as high-affinity ligands and found that L-arginine de-
creased the Kp of brain NO synthase for tetrahydrobiopterin from about
200 nM to 30 nM and that, vice versa, the affinity of the substrate site was
increased in the presence of tetrahydrobiopterin (Klatt et al. 1994a). These
data point to a positive cooperativity between substrate and pteridine binding
to NO synthase, and, taking together all the experimental results available so
far, one may conclude that tetrahydrobiopterin has a dual role in NO syn-
thesis. Binding of the pteridine may convert NO synthase into an active
high-affinity state, and the bound cofactor may participate in a redox-active
manner in L-arginine oxidation.

3.3 Impact of Pteridine Metabolism on NO Formation by Intact Cells

As already outlined in Sect. 2.2., cytokines are strong stimulators of tetrahy-
drobiopterin synthesis in many cells. In investigating the physiological goal
of this stimulation, research first focused on tryptophan degradation, which
is induced in parallel to tetrahydrobiopterin synthesis (Werner et al. 1987,
1989). Although tetrahydrobiopterin is capable of stimulating indoleamine
2,3-dioxygenase (Nishikimi 1975; Ozaki et al. 1986), manipulation of intra-
cellular tetrahydrobiopterin (see Sect. 2.2) had no effect on the amount of
tryptophan degraded by the cells (Werner et al. 1991c; Sakai et al. 1993b).
Since NO synthase is induced by the same cytokines as GTP cyclohydro-
lase I, and since NO synthesis had been shown to require tetrahydrobiop-
terin, it was logical to assume that cytokines stimulate tetrahydrobiopterin
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synthesis to provide a cofactor essential for the formation of NO. To test this
hypothesis, the tetrahydrobiopterin content of cytokine-treated murine fibro-
blasts was depleted by inhibition of GTP cyclohydrolase I with 2,4-diamino
6-hydroxypyrimidine (DAHP, see Sect. 2.2). This treatment decreased the
amount of nitrite plus nitrate released to the culture medium. Tetrahydro-
biopterin levels were restored in the presence of DAHP by adding sepiap-
terin, and nitrite plus nitrate formation by the cells was restored as well.
Methotrexate abolished the stimulatory action of sepiapterin, underlining the
fact that only the tetrahydroform is active in catalysis in intact cells. In this
case, NO formation was lowest, presumably due to the inhibitory action of
the accumulated 7,8-dihydrobiopterin. Addition of sepiapterin alone
together with the cytokines even stimulated NO formation, indicating that
NO synthase was not saturated with tetrahydrobiopterin. These data pro-
vided clear evidence that a goal of the induction of tetrahydrobiopterin
synthesis is to provide a cofactor for the formation of nitric oxide by the cells
(Werner-Felmayer et al. 1990).

Using a similar experimental approach, inhibition of NO formation by
depletion of intracellular tetrahydrobiopterin was subsequently shown in
several cultured cells (Wemer-Felmayer et al: 1995; Table 2). These in-
cluded not only cells with inducible NO synthase, but also cells with endo-
thelial NO synthase such as porcine aortic (Schmidt et al. 1992) and human
umbilical vein endothelial cells (HUVEC; Werner-Felmayer et al. 1993b;
Rosenkranz-Weiss et al. 1994) as well as human ME-180 cells which ex-
press brain NO synthase (Werner-Felmayer et al. 1993c). In human cells
with constitutive NO synthesis (HUVEC and ME-180), cytokines increase
NO formation merely by increasing the tetrahydrobiopterin level without
causing an induction of NO synthase itself (Werner-Felmayer et al. 1993a,b;
Rosenkranz-Weiss et al. 1994). While most of the investigations confirmed
the initial observations made with fibroblasts (Werner-Felmayer et al. 1990),
rat alveolar macrophages behaved differently (Jorens et al. 1992). DAHP
inhibited NO formation as in other cells. Pterins that should act as stimula-
tors, like tetrahydrobiopterin or sepiapterin, however, inhibited NO forma-
tion. One possible interpretation is that these cells may contain a low dihy-
drofolate reductase activity. Since tetrahydrobiopterin added to culture
medium is rapidly oxidized to 7,8-dihydrobiopterin, lack of sufficient dihy-
drofolate reductase activity would lead to accumulation of 7,8-dihydrobiop-
terin, which has been shown to inhibit the stimulatory effect of tetrahydro-
biopterin on NO synthase (Klatt et al. 1994a). In addition, high
concentrations of 7,8-dihydrobiopterin inhibit GTP cyclohydrolase I and
hence de novo synthesis of tetrahydrobiopterin (see Sect. 2.2).

In addition to altering NO formation, manipulation of intracellular tetra-
hydrobiopterin also influenced NO-mediated effects on the cells. These
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Table 2. Inhibition of NO formation in cultured cells by depletion of intracellular tetrahydro-
biopterin. Depletion of tetrahydrobiopterin was achieved in most cases by inhibiting GTP
cyclohydrolase I activity with 2,4-diamino 6-hydroxy pyrimidine. Some authors also used
inhibition of sepiapterin reductase with N-acetyl serotonin or phenprocoumon, or a combina-
tion of both. In many of the cells studied, increasing intracellular tetrahydrobiopterin by the
addition of sepiapterin or tetrahydrobiopterin effected an increase of NO formation above
levels observed without such additions. In most cases, endothelial and brain NO synthase
activities in the cells were measured indirectly by NO-mediated formation of cGMP after a
Ca’* stimulus

Cell NO synthase Reference
Murine dermal fibroblasts Cytokine-inducible Werner-Felmayer et al. (1990)
Murine brain endothelial cells Cytokine-inducible Gross et al. (1991)
Murine vascular endothelial, Cytokine-inducible Schoedon et al. (1994)
send]
Murine macrophages Cytokine-inducible Sakai et al. (1993b),

Schoedon et al. (1993b)
Porcine endothelial cells, aortic  Constitutive endothelial K. Schmidt et al. (1992)

Human endothelial cells, Constitutive endothelial ~ Werner-Felmayer et al. (1993b),
umbilical vein Rosenkranz-Weiss et al. (1994)

Human endothelial, hybrid Constitutive endothelial ~ Schoedon et al. (1993a)

Human cervial Constitutive neuronal Werner-Felmayer et al. (1993c)
carinoma ME-180

Rat smooth muscle cells, aortic Cytokine-inducible Gross and Levi (1992),

Nakayama et al. (1994)
Rat glomerular mesangila cells Cytokine-inducible Miih] and Pfeilschifter (1994)
Chicken macrophages Cytokine-inducible Sung et al. (1994)

include cytotoxicity in murine fibroblasts (Werner-Felmayer et al. 1990),
c¢GMP formation in endothelial cells (Schmidt et al. 1992; Werner-Felmayer
et al. 1993b; Schoedon et al. 1993a; Rosenkranz-Weiss et al. 1994), iron
metabolism in murine macrophages (Weiss et al. 1993a), formation of iron-
nitrosyl complexes in murine fibroblasts (Lancaster et al. 1994), and parasite
killing in human and murine hepatocytes (Mellouk et al. 1994). When
sepiapterin reductase inhibitors were administered to rats treated sub-
sequently with endotoxin, a significant attenuation of the blood pressure
drop caused by endotoxin was seen (Klemm et al. 1993). Although it is
tempting to attribute this to inhibition of NO formation only, it cannot be
excluded at present that other tetrahydrobiopterin dependent reactions alsc
contributed to the observed effects.
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4 Actions of Nitric Oxide

Actions of NO show a remarkable diversity. In target proteins, NO interacts
with thiol groups and with iron as the main targets (Stamler 1994). Recent
work makes clear that some effects like reaction with cysteine and gluta-
thione (Wink et al. 1994), as well as inhibition of aconitase (Hausladen and
Fridowich 1994; Castro et al. 1994), are mediated by reaction products of
NO with superoxide or oxygen, rather than by NO itself. Some molecular
aspects of the mechanism of stimulation of soluble guanylyl cyclase by NO
have been characterized and will be detailed in Sect. 4.1. In addition to
guanylyl cyclase, cyclo-oxygenases 1 and 2 are also stimulated by the action
of NO (Salvemini et al. 1993; Corbett et al. 1993) via an unknown mechan-
ism. Cytotoxic and anitproliferative actions of NO are mediated by inhibi-
tion of crucial enzymes: NO, or reaction products of NO with oxygen
species (see above), inhibits mitochondrial aconitase and respiratory chain
complexes I and II, i.e., NADH:ubiquinone oxidoreductase and NADH:suc-
cinate oxidoreductase (Hibbs et al. 1988; Drapier and Hibbs 1988; Stuehr
and Nathan 1989; Stadler et al. 1991), glycerinaldehyde 3-phosphate dehy-
drogenase (Dimmeler et al. 1992), and ribonucleotide reductase (Kwon et al.
1991; Lepoivre et al. 1991, 1994). In addition, NO inhibits cytochrome
P-450 enzymes (Khatsenko et al. 1993; Wink et al. 1993; Stadler et al.
1994), indoleamine 2,3-dioxygenase (Thomas et al. 1994), and even NO
synthases themselves (see Sect. 3.2). Interaction of NO with signaling path-
ways includes AP-1 (Peunova and Enikolopov 1993; Tabuchi et al. 1994),
protein kinase C (Gopalakrishna et al. 1993), P21-ras (Lander et al. 1993),
and adenylyl cyclase (Duhe et al. 1994). Section 4.2 details the influence of
NO on iron metabolism, which comprises an example of the action of NO on
translational regulation by interacting with the RNA-binding iron-regulatory
protein (Pantopoulos et al. 1994).

4.1 Soluble Guanylyl Cyclase

The soluble isoform of guanylyl cyclases [GTP pyrophosphate-lyase (cy-
clizing), EC 4.6.1.2] is the major physiological effector enzyme of NO in
mammalian cells. In the presence of Mg“* or Mn2", this enzyme catalyzes
the cyclization of guanosine-5-triphosphate (GTP) to guanosine-3’,5’-cyclic
monophosphate (cGMP), which acts as an intracellular messenger affecting
the function of specific protein kinases, phosphodiesterases, and ion chan-
nels (Walter 1989; Schmidt et al. 1993). As isolated from various tissues,
soluble guanylyl cyclase is a heterodimer consisting of an ¢-subunit with a
reported molecular mass of 73—-83 kDa and a-subunit with a mass of 70 kDa
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(Waldman and Murad 1987; Koesling et al. 1991). The enzyme exhibits a
very low basal activity which is stimulated 100- to 300-fold in the presence
of submicromolar concentrations of NO. Identification of the bovine lung
enzyme as a hemeprotein containing 1 mol of ferroprotoporphyrin-IX per
mol of heterodimer (Gerzer et al. 1981) has led to the proposal that enzyme
stimulation is mediated through binding of NO to the heme (Ignarro 1991).
This hypothesis has been substantiated by more recent work by Stone and
Marletta (1994) involving spectral characterization of the bovine lung
enzyme, showing that soluble guanylyl cyclase contains a pentacoordinated
high-spin ferrous heme with histidine as the proximal ligand. As pointed out
by the authors, soluble guanylyl cyclase differs from most other hemepro-
teins, such as hemoglobin or myoglobin, in that it does not bind oxygen to
the sixth coordination position of the heme. This highly unusual feature of
soluble guanylyl cyclase is important, because bound oxygen would prevent
binding of NO under aerobic conditions and thus preclude formation of the
ferrous-nitrosyl-heme complexes thought to be requisite for enzyme stimu-
lation. With its exceptionally low affinity for oxygen, soluble guanylyl
cyclase resembles the heme protein kinases FixL, representing sensors for
oxygen, and possibly also for NO and CO, in nitrogen-fixing bacteria
(Gilles-Gonzalez et al. 1994). Thus, both soluble guanylyl cyclase and FixL
could belong to a novel class of heme proteins acting as sensors for gases,
rather than as oxygen carriers or electron transporters. The spectral changes
of soluble guanylyl cyclase induced by NO point to formation of a pentaco-
ordinated ferrous-nitrosyl-heme complex, supporting the hypothesis that the
bond of the proximal histidine ligand to the iron is broken upon binding of
NO to the heme (Traylor and Sharma 1992). It is unclear at present how
cleavage of this bond confers the change in protein conformation leading to
stimulation of the cyclase. Another unsolved problem of considerable physi-
ological significance is deactivation of the NO-stimulated enzyme. Deacti-
vation should be fast in order to allow transduction of transient cellular
signals, but ferrous-nitrosyl-heme complexes are known to be rather stable
due to slow dissociation rates. Thus, additional mechanisms, e.g., redox
modification of the nitrosyl ligand, may be involved in the rapid deactivation
of soluble guanylyl cyclase.

In addition to NO, carbon monoxide, produced endogenously by heme
oxygenase, has attracted much attention recently as a putative endogenous
biological messenger acting through stimulation of soluble guanylyl cyclase
(Maines 1993; Verma et al. 1993; Zhuo et al. 1993). However, the purified
enzyme was reported to be not (Yu et al. 1994) or only marginally (Stone
and Marletta 1994) stimulated by 100% CO. We have investigated this issue
with the enzyme purified from bovine lung (Humbert et al. 1990) and
observed an about tenfold increased activity in the presence of 100% CO,
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whereas the enzyme was stimulated approximately 200-fold by low concen-
trations of NO (Mayer et al., unpublished results). Also, the interaction of
CO with the heme apparently differs from that seen upon binding of NO, as
CO was found to form a hexacoordinated complex without inducing cleav-
age of the histidine-iron bond (Stone and Marletta 1994; Yu et al. 1994).
Moreover, the metalloporphyrins used as inhibitors of heme oxygenase to
demonstrate the involvement of endogenous CO in neurotransmission are
unspecific and also block NO-induced accumulation of cGMP (Luo and
Vincent 1994).

Both subunits of soluble guanylyl cyclase have been cloned, sequenced,
and functionally expressed in various systems (Koesling et al. 1991). Two
different o~ (ot1 and o) and B- (B1 and B2) subunits have been identified to
date, pointing to the possible existence of four different heterodimeric iso-
forms, although the o1 dimer represents the most prominent isoform
detected in most tissues so far. In their C-terminal part, the o- and -subunits
of soluble guanylyl cyclase show pronounced sequence similarities to the
membrane-associated isoforms, which are stimulated by natriuretic pep-
tides, as well as to the adenylyl cyclases, suggesting that these regions may
contain the catalytic domains involved in GTP binding. The regulatory
heme-binding domain may be located in the N-terminal half of the protein.
In this region, the B-subunits contain a histidine residue (His-105 in 1) with
a leucine in the minus 4 position, a motif which has been conserved in the
heme-binding sites of all hemoglobin and myoglobin side chains. Exchange
of His-105 in the B1-subunit of soluble guanylyl cyclase against a phenyl-
alanine by site-directed mutagenesis yielded a heme-free apoenzyme that
exhibited the same basal activity as the wild-type enzyme but was com-
pletely insensitive to NO (Wedel et al. 1994). Since mutagenesis of each of
the other histidine residues in the o- and B-subunits had no effect on
NO-induced enzyme stimulation, these data provide convincing evidence
that the proximal imidazole ligand of the heme in soluble guanylyl cyclase is
identical with the histidine in position 105 of the B-subunit.

4.2 Iron Metabolism

Interactions of NO with iron metabolism are complex. As already mentioned
above, heme and nonheme iron centers are major targets of NO action. NO
regulates iron metabolism by interaction with the iron-regulatory protein
(Drapier et al. 1993; Weiss et al. 1993a), and iron in turn influences the
expression of cytokine-induced nitric oxide synthase at the transcriptional
level (Weiss et al. 1994). NO itself may cause removal of iron from ferritin
stores (Reif and Simmons 1990).
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The iron-regulatory protein (IRP), also called iron-regulatory factor (IRF)
or iron-responsive element-binding protein (IRE-BP) is a protein binding to
specific sequences in RNAs called iron-responsive elements (IREs). Sur-
prisingly, IRP was found to be identical to cytoplasmatic aconitase (Con-
stable et al. 1992; Haile et al. 1992). The protein contains a 4Fe-4S cluster,
one of the four iron atoms that are labile and removed in conditions of low
iron (Klausner et al. 1993; Pantopoulos et al. 1994). In this iron-depleted
form, the factor has lost its aconitase activity and binds to the specific
iron-responsive elements on RNA, which are located in the 5’ untranslated
region of ferritin and erythroid delta amino laevulinate synthase (eALAS),
as well as in the 3’ untranslated region of transferrin receptor. Thus, in
conditions of low iron, translation of proteins ultimately leading to iron
consumption, i.e., ferritin and erythroid delta amino laevulinate synthase, are
blocked. In contrast, the mRNA of a protein increasing iron supply, the
transferritin receptor, is protected from degradation, and more protein can
therefore be translated.

NO produced by the cells upon cytokine induction, or added as a gas to the
recombinant protein, converts the IRP to the same condition as low iron,
causing a binding of the protein to mRNA (Drapier et al. 1993; Weiss et al.
1993a). This results in an increase of intracellular free iron by increased
aquisition and decreased use or storage. As shown recently, intracellular
levels of free iron modify the amount of NO formed by interacting with NO
synthase expression. High levels of free iron reduce nuclear transcription of
NO synthase, whereas in iron-depleted cells, NO synthase transcription rates
are highly elevated (Weiss et al. 1994). This suggests the possibility of
coordinated regulation of nitric oxide synthase induction and iron metabo-
lism (Weiss et al. 1994).

5 Conclusions

All three — brain, endothelial, and inducible — NO synthase isozymes contain
tightly bound tetrahydrobiopterin and require added tetrahydrobiopterin for
full activity. The precise role of tetrahydrobiopterin is unknown, but several
lines of evidence support the hypothesis of a role in redox catalysis in
addition to allosteric activation. In cultured cells, depletion of intracellular
tetrahydrobiopterin can limit NO formation by all three isozymes. Cytokine
or drug-mediated increase in intracellular tetrahydrobiopterin, in contrast,
stimulates NO formation and hence NO-mediated effects on the cells. Two
of these effects have been detailed here, the activation of soluble guanylyl
cyclase by binding of NO to its heme group and the regulation of iron
metabolism by interaction with IRP.
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1 Historical Background

Cytochromes P450 were discovered about 40 years ago. At that time, phar-
macologists were intrigued by the observation that the "hexobarbital sleep-
ing time" of animals could be used as an indicator of the effectiveness of
various compounds to alter the rate of drug metabolism. The availability of
high-speed centrifuges in the late 1940s, allowing the separation of subcellu-
lar fractions from tissue homogenates, led to the intracellular localization of
many enzyme systems. Although it is impossible to trace back the discovery
of cytochromes P450 to one person, Brodie’s laboratory was one of the first
to use in vitro methods to study the metabolism of many chemicals and to
relate these findings to in vivo observations. It was shown that the TPNH-de-
pendent enzyme system (later identified as NADPH-cytochrome P450 re-
ductase), participating in the oxidation of many drugs, was associated with
the microsomal fraction of liver (La Du et al. 1953, 1955; Cooper and Brodie
1954; Axelrod 1954, 1955, see also Axelrod 1982). The pioneering work of
this laboratory in both in vivo and in vitro studies of drug metabolism
(reviewed by Brodie 1956) provided evidence that the activity of the enzyme
system involved in the metabolism of different drugs could be readily altered
and that there were profound differences between species with regard to the
extent and way in which they metabolized the same substance. From such
studies, as well as from work of Miller and co-workers (Miiller and Miller
1953; Conney et al. 1956), who discovered the formation of carcinogenic
electrophilic compounds by liver microsomes, it became clear that liver
microsomes contain oxidative enzymes capable of metabolizing drugs and
xenobiotics. It was established that the reaction proceeds only in the
presence of molecular oxygen. Since then, more than 800 different xeno-
biotics have been identified to be substrates of liver microsomal cyto-
chromes P450.

The inducibility of the liver microsomal drug-metabolizing enzyme sys-
tems was discovered in Miller’s laboratory in the 1950s (Miller et al. 1952;
Brown et al. 1954; Conney et al. 1956, 1960, 1967). They observed that
administration of polycyclic hydrocarbons to rats increased dramatically the
activity of liver microsomes to N-demethylate methylated azo dyes. Inde-
pendently, Remmer made similar observations when studying the mecha-
nism by which tolerance to a drug developed (Remmer 1959).

In the late1950s and the 1960s, two general classes of enzymes involved
in oxygen metabolism were discovered (Fig. 1): oxidases, transferring elec-
trons from a substrate to oxygen, and oxygenases, transferring oxygen to a
substrate after reductive splitting of molecular oxygen. Oxygenases can be
divided into dioxygenases and mono-oxygenases. Mono-oxygenases
(mixed-function oxidases') catalyze the incorporation of a single atom of
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rOxygen Activating Enzymes ]
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Fig. 1. Oxygen-activating enzymes. (From Ruckpaul et al. 1989)

molecular oxygen into a substrate with the concomitant reduction of the
other atom to water (Mason et al. 1955; Mason 1957; Hayaishi and
Nozaki 1969).

The mono-oxygenases were divided by Hayaishi and Nozaki (1969) into
two classes, the internal and the external mono-oxygenases (see Fig. 1).
Internal mono-oxygenases extract two reducing equivalents from the sub-
strate to reduce one atom of dioxygen to water, whereas external mono-
oxygenases utilize an external reductant. While the microsomal drug and
xenobiotic-metabolizing enzymes were initially referred to as mixed-func-
tion oxidases, in recent years the term mono-oxygenase has become the
more accepted one.

In 1958 Garfinkel and Klingenberg detected a CO-binding pigment in
liver microsomes of pigs and rats, which was reducible by either NADPH or
dithionite and displayed a typical absorption maximum of the reduced CO-
bound complex at 450 nm (Fig. 2; Garfinkel 1958; Klingenberg 1958). It
was not until 1964 that the hemoprotein nature of this CO-binding pigment
was proven by Omura and Sato (1964). The identification of this pigment as
a b-type cytochrome with an atypical absorption maximum (Soret band) of
the CO complex at 450 nm led the authors to designate it cytochrome P450.
The ability of reduced P450 to induce absorption at 450 nm upon CO
binding is currently used for estimating the P450 content.

These developments were closely followed by studies in which it was
experimentally substantiated that P450 is the key enzyme responsible for the
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Fig. 2. CO-difference spec-
trum of reduced versus oxi-
dized cytochrome P450
(CYP2B4)

Absorbance (arbitrary units)

400 450 500
Wavelength {(nm)

biotransformation of many drugs and steroids (Estabrook et al. 1963; Cooper
et al. 1965). In 1968 a major breakthrough was achieved by the laboratories
of Gunsalus and Coon, showing that these mono-oxygenase systems are
composed of different proteins (Katagiri et al. 1968; Lu and Coon 1968).

This discovery started a series of studies leading to the purification and
characterization of the components of cytochrome P450 systems and to their
reconstitution in an in vitro system. Different isoforms of cytochromes P450
have been isolated from various species and tissues. In 1982 the primary
sequences of two isoforms were solved, one by amino acid sequencing
(Haniu et al. 1982) and one by nucleotide sequencing of a cloned cDNA
(Fujii-Kuriyama et al. 1982). It was not until 1985 that the first three-dimen-
sional structure of a P450 was reported (Poulos et al. 1985). This was the
crystal structure of the soluble, bacterial camphor-hydroxylating P450cam
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(CYP101). Unfortunately, due to tremendous difficulties with the crystal-
lization of membrane proteins, no three-dimensional structure is so far
available for a membrane-bound P450. During the 1980s, heterologous
expression of cytochromes P450 in Escherichia coli, yeast, and cell cultures
became available, inducing a major breakthrough in studies on the mecha-
nism of P450 action and the regulation of the gene expression of these
enzymes.

2 Description of Cytochrome P450 Systems
2.1 The Cytochrome P450 Supergene Family

Cytochrome P450 systems catalyze the following reaction:

RH + O2—» ROH + H20 1)

They are involved in the metabolism of many drugs and xenobiotics. They
catalyze reactions as diverse as hydroxylation, N-, O,- and S-dealkylation,
sulfoxidation, epoxidation, deamination, desulfuration, dehalogenation, per-
oxidation, and N-oxide reduction. Their substrates include fatty acids, ste-
roids, and prostaglandins, as well as a multitude of foreign compounds such
as drugs, anesthetics, organic solvents, ethanol, alkylaryl hydrocarbon pro-
ducts, pesticides, and carcinogens. Examples of cytochrome P450-depen-
dent substrate conversions are shown in Table 1.

It is obvious that this diversity of substrates and catalyzed reactions
cannot be managed by only a few different isoforms. When the first classifi-
cation of the family members was made in 1991, 154 different P450 genes
were described, grouped into 27 gene families. Ten of these families, includ-
ing 18 subfamilies, were found in mammals (Nebert et al. 1991). By 1993,
the number of P450 genes had already grown to 221, existing in 36 gene
families. Twelve of the gene families, being divided into 22 subfamilies,
were shown to exist in mammals (Fig. 3). For 17 P450 forms the localization
on a distinct chromosome was identified (Nelson et al. 1993). To date, more
than 300 different isoforms have been characterized, making an update of
the classification necessary again. Nebert et al. (1991) also recommended a
new nomenclature of the P450s to minimize confusion introduced by the use
of different names by different groups for the same enzyme. CYP is used to
characterize the respective P450 as a hemoprotein. The first arabic number
defines the gene family, the following letter the subfamily, and the second
number the individual enzyme, e.g., CYP1Al for cytochrome P4501A1
(previously P450c).
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Table 1. Cytochrome P450-dependent substrate conversions

Substrates
Oxidation
Aromatic hydroxylation aniline, benzene, acetanilide, phenobarbital,
3.4-benzo[a]pyrene, steroids, bile acids
Aliphatic hydroxylation fatty acids, alkanes, tolbutamide
Side-chain hydroxylation cholesterol, barbiturates
Epoxidation benzo[a]pyrene, vinylchloride,
biphenyl compounds
Peroxidation lipids

N-oxidation

S-oxidation
N-dealkylation
O-dealkylation
S-dealkylation
Deamination
Desulfuration
Dehydrogenation

Denitrification

Dehalogenation

Reduction
Azoreduction
Nitro reduction

Carbonyl reduction

Hydrolysis
Ester
Amide

nicotine, morphine, dimethylamphetamine,
trimethylamine

chlorpromazine, parathion, phenothiazine
benzphetamine, ephedrine, methadone
phenacetine, papaverine, griseofulvin, codeine
6-methylmercaptopurine

amphetamine, ephedrine, mescaline

parathion

hexachlorocyclohexane, androstenedione,
testosterone

2-nitropropane
halothane, chloroform

prontosil
chloramphenicol

acetophenone

procaine
phenacetin

Members of the same gene family are defined as usually having <40%
sequence identity with a P450 protein from any other family. This definition
was made arbitrarily but has turned out to be very useful. Mammalian
sequences within the same subfamily are always > 55% identical. The main
characteristics of the most important cytochrome P450 families will be

discussed in brief.
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Fig. 3. Evolutionary tree of the cyto-
chrome P450 superfamily. Unweighted
pair group method of analysis has been
used. Of the 154 cDNAs or genes that
were characterized in various species as
of October 20, 1990, 147 are considered.
(From Nebert et al. 1991)
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The CYP1 family consists so far of only one subfamily with two members,
CYP1A1 and CYP1A2. While CYP1AL1 is detected only after treatment
with inducers such as 3-methylcholanthrene (MC) and 2,3,7,8-tetrachloro-
dibenzo-p-dioxin (TCDD), CYP1A2 is constitutively expressed in liver but
can also be induced by MC and TCDD. CYP1A1 has a high catalytic activity
towards the polycyclic hydrocarbon benzo[a]pyrene. CYP1A2 is involved
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in the conversion of arylamines and thus can activate several heterocyclic
amine promutagens derived from pyrolysates of proteins (see Gonzalez
1990 and papers cited therein; Gonzalez and Gelboin 1994). These enzymes
may therefore play an essential role in chemical carcinogenesis. The CYP2
family consists of ten subfamilies. Cytochromes P450 belonging to this
family are involved mainly in the bioconversion of drugs (especially sub-
families CYP2D and CYP2C), in testosterone hydroxylation (CYP2A sub-
family), and in the metabolism of ethanol, acetone, acetoacetone, and acetol
(CYP2E subfamily; for details see Gonzalez et al. 1990; Nelson et al. 1993).
The CYP3 family consists of one subfamily with 12 individual enzymes.
The most important form is CYP3A4, which is involved in the metabolism
of a variety of very different drugs and xenobiotics such as nifedipine,
cyclosporine, erythromycin, gestodene, and aflatoxins (Guengerich et al.
1993). This variety of substrates makes CYP3A4 one of the most important
enzymes for drug metabolism. Members of the CYP11 family are involved
in steroid hormone biosynthesis. To this group belongs the side-chain cleav-
age enzyme (CYP11Al), catalyzing the conversion of cholesterol to preg-
nenolone, the initial and rate-limiting step of steroid hormone biosynthesis
(reviewed by Lambeth 1990; Usanov et al. 1990; Vickery 1993) . CYP11B1
is involved in the biosynthesis of cortisol from 11-deoxycortisol and of
corticosterone from 11-deoxycorticosterone, whereas CYP11B2 catalyzes
the conversion of 11-deoxycorticosterone to aldosterone (reviewed by White
et al. 1993). Family CYP19 so far consists of only one member, aromatase,

Metabolism of endogeneous substrates

( steroids, fatty acids, prostaglandin, Biotransformation
vitamine D, bile acids ) of drugs
\\ Vat
~ il
N 7z
~N Vs
Physiology Pharmacology
Bioactivation
. rof
Dfegradatlon : : carcinogens
of terpenes,__ _,,. : Cytochrome P450 :
?lkanes_, Microbiology — systems —Toxlcology~—4I
atty acids . N | Biotransfor-
e S -mation of
Lo . xenobiotics
Chemistry Plant Sciences Environmental
i ! Sciences
s | o
/// : \\
Stereo- and regioselective Metabolism of phyto- N
hydroxylation alexins, alkaloids, e -
terpenes, cyanogenic Conversion - Biomonitoring
giucosides of herbicides,
insecticides

Fig. 4. Cytochrome P450 research and application fields
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catalyzing the conversion of androgens to estrogens by aromatization of the
A ring of androgens (reviewed by Simpson et al. 1993). The best-studied
cytochrome P450, however, is CYP101 (formerly called P450cam). This is
a soluble, bacterial P450 involved in the catabolism of camphor by Pseudo-
monas putida. CYP101 was the first P450 for which a three-dimensional
structure became available (Poulos et al. 1985), so that numerous structural
and functional studies have been performed with it.

The diversity of cytochromes P450 and of catalyzed reactions has at-
tracted the interest of scientists from very different fields in P450 research.
Besides pharmacologists and toxicologists, endocrinologists, physiologists,
microbiologists, organic chemists, plant biologists, and environmental
scientists are working on diverse aspects of P450 function and regulation
(Fig. 4). The growing variety of organisms in which P450 genes and
enzymes are detected and the discovery of new P450 forms will probably
lead to further applications and new research fields.

2.2 Structural Organization of Cytochrome P450 Systems

As mentioned in Sect. 1, cytochromes P450 belong to external mono-oxyge-
nases (Fig. 1). This implies that they need an external electron donor which
transfers the electrons necessary for oxygen activation and the subsequent
substrate hydroxylation. Two main classes of cytochromes P450 principally
different with respect to their electron-supporting system can be defined, (a)
the microsomal type and (b) the mitochondrial/bacterial type (Fig. 5).
Microsomal cytochromes P450 are membrane bound and accept electrons
from a microsomal NADPH-cytochrome P450 reductase, containing FAD
and FMN. All drug and xenobiotica metabolizing cytochromes P450 iso-
lated so far belong to this class. In addition, CYP102 (P450BM-3) isolated
from Bacillus megaterium was shown to belong to this class. This P450
system consists of a polypeptide chain with two different domains, one
containing the hemoprotein and the other a FAD-reductase (Narhi and Fulco
1987; Boddupalli et al. 1992). The P450 domain of this protein was recently
crystallized (Ravichandran et al. 1993).

Most of the other bacterial cytochromes P450 belong to the second class.
They are soluble and obtain the electrons necessary for the reaction mecha-
nism from an NADH-dependent FAD-containing reductase via an iron-sulfur
protein of the /2Fe-2S/type. The camphor (Gunsalus and Wagner 1978),
linalool (Ullah et al. 1990), and terpineol (Peterson et al. 1992) hydroxylat-
ing cytochromes P450 (CYP101, CYP111, and CYP108), as well as the
15-alpha-hydroxylase from Bacillus megaterium (Rauschenbach et al. 1993)
belong to this class. Mitochondrial cytochromes P450 being involved in the



R. Bernhardt

ase|Axo4pAy pi0Jals |BLIPUOYIONNY

osv-d
aWOoIYo0kD

asejonpal
-uixopouaipe

Polav4

?y
o™
mﬂz @Hﬂﬂof

+dQ¥YN

146

+HHJOYN >
()

O%H

walsAs aseuabAxoouow |eualoeqg

asepnpal

0Sv-d
-uIXopaLo}

2WOoIYookd

-y

+QVN

HOY

adA) jelupuoyosojiu - jelidyoeg



147

Cytochrome P450: Structure, Function, and Generation

SWASAS OSHd IWOIY20IKD JO uonezIuedIo oY) 10J [SPON °S "SI

(ZoLdAD) £-NG0SPd dwoay201A) walsAs aseuabAxoouow [eWOSOIINN
AN AN

~

adAy jewosouo1py



148 R. Bernhardt

ROH RH NADPH-Cytochrome P450

Fe3+ reductase

) \ (semiguinone)

(RH) Fe3+ 4 NgDPH-Cytochrome P450

- \ reductase

Shunt _ .-~ ®\. [2Fe - 28] - protein
H e———=FTQ (RH) Fe2+
(ROH) Fe3+ <+ ——=" . "= RH(H)
¥ XOOH @\, 02 e,2H
XOH
@ (RH) Fe2+ (Op)
*} (Fe- 3+
(R) (Fe-OH) /Hzoz
@ (RH) Fe3+ (02'-) — 02'- -»"0OH
. (oxy complex) \'OgH
2e, 2H
Hy0 < (RH) (Fe-0)3+

NADPH-cytochrome P450

® @ £ & = reductase

Ho0 ‘\ [2Fe - 28] i
- 28] - protein
o2H* (RH) Fe3+ (0527) cytochrome bg

{peroxy complex)

Fig. 6. Reaction cycle of cytochrome P450

side-chain cleavage of cholesterol, the 11B-hydroxylation of 11-deoxycortisol
and the production of aldosterone also belong to the latter class. These
cytochromes P450 are localized in the inner mitochondrial membrane,
whereas the /2Fe-2S/protein, called adrenodoxin in the case of adrenal steroid
hydroxylase systems, is a soluble protein of the matrix. The FAD-containing
reductase, adrenodoxin reductase, is associated with the inner mitochondrial
membrane. Recognition of the cytochromes P450 and the corresponding elec-
tron donor is a necessary prerequisite to the catalytic cycle.

2.3 Reaction Cycle

After cytochrome P450 had been identified as a hemoprotein, a series of
studies on its hemoprotein nature began. A sulfhydryl group was identified
in a variety of physicochemical studies (for review see Rein et al. 1984) and
finally by resolution of the three-dimensional structure of a P450 (Poulos et
al. 1985) as the fifth ligand of the heme iron. The generally accepted
mechanism of cytochrome P450-dependent substrate conversion is depicted
in the overall scheme presented in Fig. 6. Due to the fact that P450 is a
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one-electron acceptor (Peterson et al. 1977), radicals must be involved in the
mechanism of mono-oxygenases (Ortiz de Montellano 1989; White 1991).
The first step in the reaction cycle is the formation of the substrate-enzyme
complex. The hemoprotein in its ferric state was shown to be an equilibrium
mixture of low- and high- spin states of the heme iron (S=5/2 <> S=1/2). The
spin-state equilibrium can be shifted by substrate binding as well as by
temperature (reviewed by Schenkman 1982; Rein and Jung 1993). Substrate
binding induces structural changes of the P450 which may result not only in
a spin shift, but also in changes of the redox potential and in binding
affinities between interacting components of the P450 system. These effects
seem to be differently interrelated in different P450 systems. The binding of
the substrate can be followed by observing spectral changes of the P450 in
the near UV spectral region (Soret band) and in the visible spectral region
caused by spin-state changes of the protein (Mitani and Horie 1969; Whys-
ner et al. 1970). A classification of these small, but characteristic spectral
changes was given by Schenkman et al. (1967). The majority of substrates
being metabolized by cytochromes P450 produces so-called type-I dif-
ference spectra, characterized by a minimum at 417 nm and a maximum at
387 nm. Many inhibitors which bind directly to the heme iron produce
type-1I difference spectra with absorption maxima between 425 and 445 nm
and minima between 390 and 420 nm. Finally, some compounds such as
alcohols and ketones give rise to so-called inverse type-I difference spectra,
characterized by an absorption maximum at about 420 nm and a minimum at
385-390 nm. The high-spin form of the P450 seems to be more readily
reducible (Blanck et al. 1983; Fisher and Sligar 1985, 1987). The correlation
between spin equilibrium and ability of the P450 to be reduced is not always
valid, however (Lambeth and Kriengsiri 1985).

The second step of the reaction cycle is the introduction of the first
electron, either by NADPH-dependent reductase or via a ferredoxin (Fig. 5).
Iron (3+) is reduced to iron (2+), thereby oxidizing the microsomal reductase
to a stable semiquinone free radical. This step is still not fully understood.
The reason for this lies in the fact that the reduction of P450 in most cases is
not monophasic or first order. Alternative explanations have been suggested
to describe this phenomenon. The cluster model suggests the presence of
aggregates of cytochrome P450 surrounding the NADPH-cytochrome P450
reductase and the fast phase to be due to reduction of the closest P450
molecules, whereas the slow phase is proposed to arise from exchange and
subsequent reduction of the P450 molecules not initially in direct contact
with the reductase (Peterson et al. 1976). The model is supported by kinetic
(Blanck et al. 1983, 1989; Schwarze et al. 1985; Fisher and Sligar 1985,
1987) and structural investigations (Schwarz 1991, references therein). The
sequential spin-state model (Backes et al. 1980, 1982; Tamburini et al. 1984)
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explains the biphasic cytochrome P450 reduction with differences in the
reduction of high-spin and low-spin conformers. Although there is some
evidence for a favored electron transfer to the high-spin conformer (Backes
et al. 1985), the rapid relaxation of the spin equilibrium as shown for
CYP101 and CYP2B4 is in disagreement with this model. In addition,
formation of active (fast-phase) and inactive complexes between reductase
and cytochrome P450 has been suggested as the reason for the biphasic
kinetics (Backes and Eyer 1989). When oxygen concentration is low, the
reduced P450 is able to donate its electron to an alternate electron acceptor,
for example halothane, producing a carbon radical that may be released to
initiate lipid peroxidation (Van Dyke et al. 1988; White 1994).

In the third step of the reaction cycle the one-electron reduced hemopro-
tein binds oxygen. In contrast to mammalian cytochrome P450, where the
oxyferrous complex is decomposed rather quickly to yield ferric P450 and
H207 (Oprian and Coon 1982), in CYP101 the oxyferrous state is fairly
stable, autoxidizing only very slowly to ferric CYP101 and O2°~ (Sligar et
al. 1974). The ternary complex formed by binding of oxygen to the one-elec-
tron reduced hemoprotein is spectroscopically characterized by absorption
bands at 418-420 nm and 558 nm in the absolute spectrum and maxima at
440 nm and 590 nm in the difference spectrum to the oxidized P450
(Ishimura et al. 1971; Estabrook et al. 1971; Peterson et al. 1972; Bonfils et
al. 1979; Larroque and Van Lier 1980; Tuckey and Kamin 1982). As shown
in Fig. 6, from this complex a superoxide anion radical can be released. The
negatively charged dioxygen ligand favors binding of a proton (Rein et al.
1986) or at least hydrogen bonding.

Step 4 of the reaction cycle is the introduction of the second electron. In
some situations another microsomal hemoprotein, cytochrome bs, can facili-
tate catalysis by providing the second electron (Bonfils et al 1981; Schenk—
man et al. 1987; for review see Schenkman 1993). From the (RH)Fe (02 j
complex hydrogen peroxide can be split off. Thus, due to the fact that
cytochrome P450 is a one-electron acceptor, oxygen activation occurs in two
steps (Peterson et al. 1977). The structure of the activated oxygen and the
precise mechanism of oxygen cleavage are not yet fully understood, how-
ever. It is now generally accepted that the next step in the reaction cycle is
not substrate hydroxylation but removal of the terminal oxygen atom from
the dioxygen ligand, i.e., the cleavage of the dioxygen bond (Rein and Jung
1993). The insertion of the second electron into the dioxygen complex
induces a further destabilization of the dioxygen 7-bond, leading to the
cleavage of the outer oxygen atom accompanied with release of water (Rein
et al. 1986). The remaining oxene-iron complex is thereby converted to the
iron-oxo intermediate (step 5). Although this is not a radical process, the
iron-oxo complex is a radical, which can be written as a triplet oxygen atom
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coordinated to ferric iron (White 1994). Two principally different mechan-
isms have been discussed to occur, heterolysis and homolysis (White and
Coon 1980; Rein et al. 1984; White 1991; Rein and Jung 1993). The
heterolytic cleavage of the peroxide bond is also called the "oxenoid" path-
way, while the homolytic cleavage has also been called the "quasi-Fenton"
pathway, because the homolytic peroxide scission resembles the Fenton
reaction of ferrous ion with various peroxides. The products of the homo-
lysis are the amidyl radical and a thiyl-ferric hydroxide complex. The fun-
damental difference between the oxenoid and the quasi-Fenton route is the
peroxide-lysis step. In the oxenoid pathway heterolysis of the peroxyacid
leaves an oxygen atom coordinated to the iron. The formation of a highly
resonance-stabilized perferryl species, as shown in Eq. 2, has been postu-
lated (White and Coon 1980):

STFe(5+)0%"  STFe(dH)0™ < STFe(3H)0 < S°Fe(3+)0” )

In the next step hydrogen is abstracted (step 6), followed immediately by
recombination of the two radicals to produce a stable product (step 7) . This
process was designated as "oxygen rebound" (Groves and McClusky 1976).
Finally, the hydroxylated product dissociates and the cycle can start again
(step 8).

Interestingly, in a so-called shunt reaction, the substrate can be hydroxy-
lated immediately by peroxides such as hydrogen peroxide, cumene hy-
droperoxide, and tert-butyl hydroperoxide without the necessity of an inter-
action with an electron-donating system (step9).

There are contradictory results concerning the existence of compounds I or
10, which were shown to be spectral intermediates of peroxidases (see Egawa et
al. 1994 and references cited therein) in P450-dependent reactions. Whereas the
existence of a compound I was not observed in the reaction of ferrous CYP101
with superoxide anion (Kobayashi et al. 1994), the formation of compound I
was observed in the reaction of CYP101 with m-chloroperbenzoic acid (Egawa
et al. 1994). Spectral simulation based on Gaussian analyses and visible bands
indicate that the HoOz and fers-butyl hydroperoxide-induced intermediate spec-
tra of CYP1A2 are close to compound I of horseradish peroxidase (Shimizu et
al. 1994). Interestingly, Glu318 and Thr319 mutants of CYP1A2 show spectral
intermediates with these hydroperoxides which are close to compound II of
horseradish peroxidase (Shimizu et al. 1994).

It has been shown that the heme thiolate plays an essential role in O-O
bond cleavage in the homolytic as well as in the heterolytic model (for
review see Rein and Jung 1993). More recently, proton attachment, or at
least hydrogen bonding to the terminal oxygen atom, was demonstrated to be
important for the heterolytic dioxygen cleavage. For CYP101, where the
three-dimensional structure has been known since 1985 (Poulos et al. 1985),
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threonine 252 is proposed to be the most potent candidate for inducing the
strong polarization of the O-O bond from the distal side of the hemoprotein.
The threonine is conserved in most cytochromes P450 (Poulos et al. 1987).
Studies using site-directed mutagenesis of these residues confirmed this idea
(Imai et al. 1989; Martinis et al. 1989). Solving the crystal structure of the
CYP101 active-site mutant Thr252Ala led to the suggestion that the protons
attached to the terminal oxygen atom can be released either via the internal
solvent channel-linking residues Thr252 and Glu366 or by a proton delivery
network including the side chains of Lys178 and/or Argl86, Asp251, the
carbonyl oxygens of Val247 and Asp251 (Raag et al. 1991). In this model
the side chain of Thr252 must rotate to accept a proton from Asp251. This
suggestion has been substantiated by the elegant studies of Sligar and co-
workers (Gerber and Sligar 1992). Replacement of Asp251 by asparagine
and determination of the accessible fundamental rates and equilibria of the
cycle revealed evidence for a participation of Asp251 and Thr252 in a charge
relay system for proton delivery (Fig. 7). In this model, Asp251 serves as
proton shuttle between the solvent-accessible Asp182-Lys178, Arg186 net-
work and Thr252. A solvent channel consisting of three water molecules
between Thr252 and Glu366 was supposed to be the source of protons
necessary for dioxygen cleavage (Raag et al. 1991). In addition, this configu-
ration provides a general acid-catalytic mechanism for the dioxygen cleav-
age and thus favors the heterolytic pathway model. In the hemoprotein
domain of the bacterial CYP102 (P450BM-3) no such internal solvent
channel has been observed, although these residues are conserved (Thr268,
Glu401). It is believed that the conserved threonine in this protein donates a
proton to iron-bound oxygen during catalysis. Threonine becomes proto-
nated by the water molecule located in the groove of the I helix in CYP102,
whereas the water molecule, in turn, may be protonated by Glu267, which is
solvent-exposed in CYP102 (Ravichandran et al. 1993). CYP108 (P450terp)
also has a threonine at the position homologous to Thr252 of CYP101
(Haseman et al. 1994). In the very recently crystalized CYP107Al1
(P450eryF), however, an alanine residue is present at the position corre-
sponding to Thr252 of CYP101. It has been proposed that the water mole-
cule 564 serves the same hydrogen-bonding function in CYP107A1 as does
Thr252 in CYP101 (Cupp-Vickery and Poulos 1995).

In most microsomal cytochromes P450 a conserved "threonine cluster"
composed of three threonines (Thr319, Thr321, Thr322 for CYP1AZ2) has
been found at the putative distal side of the hemoprotein (Ishigooka et al.
1992). Interestingly, substitutions in several mammalian cytochromes P450
at the highly conserved threonine (corresponding to Thr252 of CYP101) also
affected substrate selectivity and binding (Imai and Nakamura 1989; Chen
and Zhou 1992; Hiroya et al. 1992; Ishigooka et al. 1992; Fukuda et al.
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1993). However, while the efficiency of CYP101 for camphor hydroxylation
drops to only 5%—6% when Thr252 is replaced with alanine, the correspon-
ding Thr310Ser and Thr310Cys mutants of CYP19 (aromatase) have 48.8 and
2.4% of the wild type activity, respectively (Chen and Zhou 1992). Replace-
ment of the conserved Thr303 of CYP2E1 with serine or valine and of
Thr319 of CYP1A2 with alanine (Table 2) also did not lead to a considerable
decrease in the substrate conversion compared with the wild-type enzymes
(Fukuda et al. 1993; Ishigooka et al. 1992). From these observations, it can
be concluded that in microsomal cytochromes P450 the conserved threonine
residues may not significantly contribute to the catalytic function. However,
replacement of the polar amino acid at position 318 of CYP1A2 significantly
influenced the activation of the oxygen molecule in the catalytic function
toward 7-ethoxycoumarin, but not toward methanol, implying differences in
the hydroxylation mechanism between hydrophilic (methanol) and hydro-
phobic substrates such as 7-ethoxycoumarin (Hiroya et al. 1992; Ishigooka
et al. 1992). Resolution of the three-dimensional structure of a microsomal
P450 seems to be necessary to determine the precise mechanism of dioxygen
splitting in this group of enzymes. Unfortunately, so far no attempt has been
made to check the role of the corresponding conserved threonine and acidic
residues in mitochondrial cytochromes P450, which, like CYP101, obtain
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Table 2. Turnover numbers toward 7-ethoxycoumarin, consumption rates of oxygen, and
formation rates of H202 by wild-type and mutant CYP1A?2 (data from Ishigooka et al. 1992)

CYP1A2 Turnover number Consumption Formation
(min"l) Rate of Oy Rate of H202
(min™") (min™)
Wild type 0.33 20 6.3
Glu 318 Ala 0.02 6 3.1
Glu 318 Asp 1.44 27 22
Thr 319 Ala 0.90 24 25
Val 320 Ser 0.02 11 1.6
Thr 321 Ala 0.11 7 43
Thr 322 Ala 0.71 17 5.9

their reducing equivalents from a /2Fe-2S/protein. As shown in Fig. 8, also
in mitochondrial cytochromes P450 a threonine residue can be found corre-
sponding to Thr 252 of CYP101. In addition, aspartic acid is found in all but
bovine CYP11A1 in the preceding position. Obviously, an acidic amino acid
seems not to be essential in this position in mitochondrial cytochromes P450.
Site-directed mutagenesis studies with mitochondrial P450 forms as well as
with CYP102, CYP108 and CYP107A1, whose three-dimensional struc-
tures have recently been solved (Ravichandran et al. 1993; Hasemann et al.
1994; Cupp-Vickery and Poulos 1995), should provide important informa-
tion about whether a charge relay system as proposed for CYP101 will be
applicable for other cytochromes P450.

Variations of the scheme for the reaction mechanism of P450 occur with
thromboxane and prostacyclin synthase (Hecker and Ullrich 1989), a plant
P450-dependent allene oxide synthase (Song and Brash 1991), a yeast P450
(CYP56, P450DIT2), which is involved in dityrosine formation in spore walls
(Briza et al. 1990a,b, 1994), and a nitric oxide reductase (Nakahara et al. 1993).

For prostacyclin and thromboxane A2 biosynthesis a cage radical mecha-
nism is proposed, according to which the initial radical process is terminated
through oxidation of carbon-centered radicals by the iron-sulfur (fifth li-
gand, cystein) catalytic site, followed by ionic rearrangement to prostacyclin
or thromboxane A2 (Hecker and Ullrich 1989). Mechanistic studies support
a homolytic hydroperoxide cleavage as the initial step in the synthesis of
allene oxides, a conclusion that is also compatible with the known chemistry
of cytochromes P450 (Song et al. 1993).

CYP55A1 acting as nitric oxide reductase, which is found in Fusarium
oxysporum, was shown to form nitrous oxide (N20) from nitric oxide (NO),
employing NADH, but not NADPH, as the sole effective electron donor.
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CYP Data Base Entry
11A1 CPM1_HUMAN.SW FEDIKANVTEMLAGGVDTTS
11A1 CPM1_BOVIN.SW LEDVKANITEMLAGGVNTTS
11A1 CPM1_RAT.SW FKNIQANITEMLAGGVDTTS
11A1 CPM1_PIG.SW SEDVKANVTEMLAGGVDTTS
11B1 CPN1_HUMAN.SW PDAIKANSMELTAGSVDTTV
11B1 CPN1_BOVIN.SW LDTIKANTIDLTAGSVDTTA
11B1 CPN1_RAT.SW MDAIHANSMELIAGSVDTTA
11B1 CPN1_mouse.SW LDAIKANSMELTAGSVDTTA
11B2 CPN2_HUMAN. SW LEAIKANSMELTAGSVDTTA
11B2 CPN2_RAT.SW LDAIKANSMELTAGSVDTTA
27 P17178.SW PQETVGTFPELILAGVDTTS
101 2CPD.NRL3d SDEAKRMCGLLLVGGLDTVG
102 2HPDA.NRL3d DENIRYQIITFLIAGHETTS
108 S27653.PIR3 DKYINAYYVAIATAGHDTTS
55A1 CP55_FUSOX.SW KSDAVQIAFLLLVAGNATMV
56 CP56_YEAST.SW YKQLTDNIVIILVAGHENPQ
5 THAS_HUMAN.SW VDEIVGQAFIFLIAGYEIIT
5 THAS_MOUSE. SW VDEIVGQAFLFLIAGHEVIT
JC2231.PIR3 MGPAAFWLLLFLLKNPEALA
LU428.PEP SWGGFKILFPSLMKWIGRAG

Fig. 8. Alignment of various cytochrome P450 forms around the conserved threonine, corre-
sponding to Thr252 of CYP101. THAS, Thromboxane-A synthase (human, mouse); JC2231,
prostaglandin-I synthase (human); LU428.PEP, peptide sequence of allene oxide synthase
created by the program TRANSLATION from mRNA, data base entry LU428. EM_PL. The
multiple sequence alignment was produced by the program TREE (Feng and Doolittle 1987)

The reaction was not inhibited by carbon monoxide at all, suggesting that the
free ferrous P450 is not formed during the turnover of this P450 (Nakahara
et al. 1993).

The mechanism of dityrosine formation catalyzed by CYP56 includes
cross-linking of two molecules of a precursor formed in a preceding step by
the sporulation-specific enzyme DIT1 (Briza et al. 1994). The intermediates
have not been identified so far.

The molecular basis for the differences in the reaction mechanism of these
cytochromes P450 is not yet clear. A comparison of the primary structures of
these P450 forms with that of CYP101 shows that the amino acid pair
homologous to Asp251/Thr252 of CYP101 has not been conserved (Fig. 8).
In prostacyclin (prostaglandin I) synthase (designated in Fig. 8 as JC2231)
and thromboxane synthase (CYPS5) instead of threonine alanine (prosta-
cyclin synthase), isoleucine (CYP5, human) or valine (CYP5, mouse) are
found, while in the preceeding position an acidic amino acid (glutamic acid)
is conserved. In CYP56 an asparagine residue has been found in the position
corresponding to Thr252 of CYP101.

It is tempting to speculate that this exchange could be responsible for the
special function of these proteins, which is not a hydroxylation with prece-
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ding oxygen activation, but rather a radical process. However, this hypo-
thesis must be supported by site-directed mutagenesis studies.

Allene oxide synthase (designated in Fig. 8 as LU428) has neither a
threonine nor an acidic amino acid in the region close to the conserved
residues of the bacterial cytochromes P450, whereas in nitric oxide reduc-
tase (designated in Fig. 8 as CYP55) there is a threonine close to Thr252 of
CYP101, but the preceding acidic amino acid is missing. Site-directed
mutagenesis investigations are necessary in these cases to determine
whether the replacements of the conserved threonine and the preceding
acidic amino acids are responsible for the divergence of the reaction mecha-
nism of these cytochromes P450.

3 Cytochrome P450/Electron Donor Interactions

The interaction between P450 and the electron donor is a prerequisite for the
electron transfer and the following oxygen activation and substrate conver-
sion. Its specificity guarantees a sufficient reaction rate of catalysis and
likewise a discrimination between different potential donors and acceptors
of electrons to protect the system from shunt reactions.

3.1 Microsomal P450 Systems

Chemical modification of CYP2B4 with fluorescein isothiocyanate (FITC)
led to the suggestion that the a-amino group and Lys384 are involved in
reductase recognition. Detailed analysis of the gross conformation (P420
content — an enzymatically inactive form of P450 with a maximum of the
reduced CO complex at 420 nm, CD measurements in the Soret and the far
UV region, hydroperoxide-dependent substrate conversion) and of individ-
ual steps of the reaction sequence (product formation, substrate binding
affinities, reduction velocity) have shown that only the reduction and the
overall activity (25% and 50% at 1 and 2 mol FITC/mol P450, respectively)
were disturbed after modification (Bernhardt et al. 1983, 1984). Coincuba-
tion of CYP2B4 with FITC in the presence and absence of reductase,
moreover, revealed that both residues were protected by the electron donor
(about 30% and 50%, respectively) from modification (Bernhardt et al.
1988). Whether the N-terminal methionine is involved in the interaction
with reductase also in vivo remains a subject of controversy. While experi-
ments of Bernhardt et al. (1983, 1989a) studying the accessibility of Met1 of
CYP2B4 for FITC within microsomes pointed at a location of the N-ter-
minus at the cytoplasmic side of the microsomal membrane, studies of
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Vergeres et al. (1991) did not show labeling of microsomal CYP2B1 by
FITC, suggesting a location of Met1 of CYP2B1 at the luminal side. More-
over, the N-terminal region of rabbit CYP2E1 was shown to not be essential
for interaction with microsomal reductase (Voznessensky et al. 1994). Re-
cently, using a combination of recombinant DNA technology and in vitro
techniques, it was demonstrated that 20-30 N-terminal amino acids of two
microsomal rabbit cytochromes P450 and of rat CYP2B 1 were sufficient for
membrane anchoring, placing the N-terminus at the luminal side (Szczesna-
Skorupa et al. 1988; Sakaguchi et al. 1987; Monier et al. 1988; DeLemos-
Chiarandini et al. 1987). However, extrapolation of the results obtained with
the hybrid constructs used in those experiments to the native membrane
proteins may not always be possible.

The combination of an in vivo assay with subcellular immunoprecipita-
tion made it possible to show the location of the N-terminus of yeast
CYP52A1 and CYP52A2 in the lumen of the endoplasmic reticulum (San-
glard et al. 1993). In contrast, mutagenesis of aromatase favors a model
where the N-terminus is located in the cytoplasm (Chen and Zhou 1992).
Further studies seem to be necessary to answer this question unambiguously.

Binding of 2-methoxy-5-nitrotropone (MNT), which is much smaller than
FITC and uncharged, led to an effect similar to that of FITC binding: a
decreased overall activity caused by an impaired electron transfer from
reductase to CYP2B4. The label, however, is not bound exclusively to Met1
and to Lys384 as FITC, but reacts with the lysines in positions 49, 100, 139,
144, 251, 384, and 433. The decrease in the overall activity and reduction
rate correlates with a relative increase in the modification of lysines 139,
144, 251, and 384, revealing these amino groups to be further candidates for
participation in reductase recognition (Bernhardt et al. 1988). Alkylation and
acetylation of amino groups of CYP2B1, in contrast, did not cause any
alteration of reductase binding (Kunz et al. 1991). Obviously, the modified
amino groups are still available for salt-bridge formation, since the substi-
tuents at the N-atom have a small volume. From the side of reductase,
carboxylic groups were shown to participate in the interaction with CYP2B4
and to be located at or near the binding site for CYP2B4 and CYP2B1
(Bernhardt et al. 1987; Nadler and Strobel 1988), whereby steric constraints
seem to play a role in the binding and electron transfer step(s) (Nadler and
Strobel 1988, 1991).

Since in liver microsomes many different isoenzymes have to interact
with only one type of reductase, it must be expected that the binding sites for
reductase on various cytochromes P450 are very similar or identical. In this
connection, it is of special interest that Lys384 of CYP2B4 is located in one
of the only four regions that are homologous among different P450 forms
(Gotoh et al. 1983) and that lysine is conserved in this position at least in all
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microsomal cytochromes P450 (Nelson and Strobel 1989). Also Lys139 and
Lys251 are conserved in several P450 forms, and Lys251 is located in
another homologous region (Gotoh et al. 1983). Our chemical modification
studies of CYP1A2 revealed, however, that Lys401 (corresponding to
Lys384 of CYP2B4) was not accessible to FITC labeling, whereas modifica-
tion of Lys253 and/or Lys440 and/or Lys453 seemed to interfere with the
formation of the protein structure necessary for optimal functional activity as
well as with reductase binding (Bernhardt et al. 1992; Bernhardt 1993).

A participation of Tyr243 and Tyr271 of CYP1A2 in reductase binding
was concluded from modification experiments with tetranitromethane (Jinig
et al. 1987). Interestingly, these residues are close to Lys253. It seems
reasonable that salt bridges are responsible for the recognition of reductase
and the correct orientation of both proteins to each other, whereas hydro-
phobic contacts provide the energy necessary for complex formation. A
detailed analysis of the function of the above-mentioned lysines and of
Lys401 was recently begun by Shimizu and co-workers (Shimizu et al. 1991;
Mayuzumi et al. 1993), using site-directed mutagenesis; Lys401 of CYP1A2
does not seem to be involved in the interaction with reductase. However, the
KCl-dependent studies suggested that ionic or electrostatic interactions are
important. The Arg cluster Argl35-Argl36-Argl37 of CYP1A2 may per-
haps participate in the interaction with the reductase, since catalytic activity
of the triple mutant toward 7-ethoxycoumarin was less than 10% of the wild-
type in the microsomal system (Shimizu et al. 1991). In addition, Lys99 and
Lys453 seem to be involved in the interaction with the reductase or in
recognition of this protein (Mayuzumi et al. 1993). The contribution of
Lys253 and Lys440 to protein-protein interaction unfortunately has not been
studied so far. Nevertheless, it has been proposed, based on these experi-
ments, that the interaction of CYP1A2 with the reductase is rather ionic,
composed of several ionic interactions between the two proteins, as pre-
viously implied for the CYP2B4 system (Bernhardt et al. 1984, 1988).

Experiments of Shen and Strobel (1992, 1993) revealed that in CYP1Al
and CYP2B1 also lysine residues are involved in the interaction with reduc-
tase. Lysines homologous to Lys384 (alignment position 466, according to
Nelson and Strobel 1988) and Lys251 (alignment position 311) of CYP2B4,
together with residues in alignment positions 110, 506, and 511, were shown
to participate in these interactions (Strobel and Shen 1994).

Repulsive forces rather than ionic interactions have been proposed by
Voznesensky and Schenkman (1992) to play a role in CYP2B4 as well as
CYP2E1 and CYP2C2/reductase interaction (Voznesensky and Schenkman
1994). Ionic-strength dependent studies of Bernhardt et al. (1988) demon-
strate that, in fact, at lower ionic strength an electrostatic repulsion seems to
exist between P450 and reductase in microsomes (Fig. 9), whereas at higher
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ionic strength (222 mM, corresponding to 0.1 M potassium phosphate buffer)
salt bridges between P450 and reductase seem to become damaged (for
review see Schenkman 1993 and references cited therein).

In addition to microsomal reductase, some microsomal cytochromes P450
are able to accept the second electron from cytochrome bs (for review see
Schenkman 1993). Examination of the interaction between these hemopro-
teins revealed the necessity of carboxyl groups on cytochrome bs and lysyl
residues on cytochrome P450 for complex formation between CYP2B4 or
CYP2C11 and cytochrome bs (Tamburini et al. 1985; Tamburini and
Schenkman 1986a). In addition, Tyr129 of cytochrome bs has been pro-
posed, on the basis of chemical modification studies, to control interaction
with CYP2B4 (Hlavica et al. 1994). Charge-pairing has also been observed
between NADPH-cytochrome P450 reductase, which is able to reduce cy-
tochrome ¢ and cytochrome bs (Nisimoto and Lambeth 1985; Tamburini et
al. 1986b).

Cytochrome bs has been shown to exert a differential stimulatory action,
dependent upon the form of cytochrome P450 and substrate metabolized
(Kuwahara and Omura 1980; Morgan and Coon 1984; Jansson et al. 1985;
Onoda and Hall 1982; Shet et al. 1993).

Taking together all the data on cytochrome P450/reductase/cytochrome
bs interaction, a model has been proposed whereby all three proteins, an-
chored by their respective membrane-binding domain to the endoplasmic
reticulum, may interact, forming a ternary complex governed by electro-
static as well as other forces (Schenkman 1993).
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Resolution of the three-dimensional structures of a microsomal P450, the
NADPH-cytochrome P450 reductase, and the corresponding electron trans-
fer complexes will be necessary to unambiguously evaluate the above-men-
tioned model.

3.2 Mitochondrial P450 Systems

As in microsomal P450 systems, also in mitochondrial steroid hydroxylases
a charge-pair interaction mechanism has been proposed on the basis of
chemical modification studies. Incubation of the ferredoxin (called adreno-
doxin in the case of adrenal steroid hydroxylase systems) with the water-so-
luble carbodiimide 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
revealed a modification of carboxylic residues in positions 74, 79, and 86,
which leads to a reduced ability of adrenodoxin to interact with both adreno-
doxin reductase, where one lysine residue was suggested to be involved in
adrenodoxin binding (Hamamoto and Ichikawa 1984), and CYP11Al
(Geren et al. 1984; Lambeth et al. 1984). Recently, site-directed mutagenesis
studies revealed that Asp76 and Asp79 of adrenodoxin are involved in both
CYP11A1 and adrenodoxin reductase binding (Coghlan and Vickery 1991).
These results support earlier conclusions that P450 competes with adreno-
doxin reductase for binding to a common or overlapping site on the adreno-
doxin (Hanukoglu and Jefcoate 1980), as well as data indicating the inability
to trap a ternary complex between CYP11Al, adrenodoxin, and adrenodoxin
reductase (Lambeth et al. 1984). In the shuttle model derived from these
studies adrenodoxin first binds to adrenodoxin reductase. The reduced
adrenodoxin then dissociates from adrenodoxin reductase and forms a com-
plex with P450. Oxidized adrenodoxin again dissociates from the P450, and
a second cycle begins. This model is supported by the above-mentioned
kinetic (Lambeth et al. 1979; Seybert et al. 1979; Hanukoglu and Jefcoat
1980), chemical modification, and cross-linking studies (Lambeth et al.
1984), as well as by site-directed mutagenesis (Coghlan and Vickery 1991,
1992). The cluster model also relies on cross-linking studies (Kido and
Kimura 1979; Chashchin et al. 1985; Usanov et al. 1985). It was demon-
strated that a cross-linked complex of adrenodoxin and CYP11A1 has cata-
lytic competence with adrenodoxin reductase. From this observation the
existence of two different binding sites for the flavo- and the hemoprotein on
the surface of adrenodoxin was concluded. Results of Hara and Miyata
(1990) support this hypothesis of a ternary complex between adrenodoxin,
adrenodoxin reductase, and CYP11A1. Analyzing cross-linked complexes,
the authors identified Ile25-Lys98 of adrenodoxin as being involved in
adrenodoxin reductase binding, whereas Ile7-Lys22 were shown to be in-



Cytochrome P450: Structure, Function, and Generation 161

volved in CYP11A1 binding. The cause of the differences seen in cross-link-
ing experiments performed by different groups remains unclear. Recent results
from cross-linking and titration experiments suggest the occurrence of a quar-
ternary complex, in which 1 mol of adrenodoxin binds to adrenodoxin reductase
and 1 mol to CYP11A1, forming a functional CYP11A1/(adrenodoxin)y/adreno-
doxin reductase complex (Hara and Takeshima 1994). Investigation of
CYP11A1 activity using expression of a fusion protein, which consists of the
construct CYP11A1/adrenodoxin reductase/adrenodoxin, demonstrates that a
quarternary complex is at least not essential for cholesterol side-chain cleav-
age (Harikrishna et al. 1993). The fact that the construct CYP11A1/adreno-
doxin/adrenodoxin reductase was less effective in pregnenolone production
as compared with the complex CYP11A1/adrenodoxin reductase/adreno-
doxin was discussed by the authors in the sense of an increased rotational
freedom of the adrenodoxin moiety in the latter one, so that the crucial
region of adrenodoxin between residues 72 and 79 can react with both
CYP11A1 and the adrenodoxin reductase moiety, supporting the shuttle
model (Harikrishna et al. 1993). However, these results are also consistent
with a cluster model. Furthermore, studies of Beckert et al. (1994a) revealed
that mutation of Y82 of adrenodoxin differentially affects interaction with
adrenodoxin reductase and cytochromes P450. Tyr82 of adrenodoxin seems
to play an essential role in the interaction with CYP11A1 and CYP11B1, but
not with adrenodoxin reductase (as reflected by studying the reduction of the
nonphysiological electron acceptor, cytochrome c). Replacement of His56
also led to changes in the reduction of cytochromes ¢, CYP11A1 and
CYP11B1, but this seems to be due to changes of the local protein conforma-
tion, rather than to direct involvement in protein-protein interactions (Bec-
kert et al. 1994b, 1995). Furthermore, the C-terminal amino acids exert an
effect on interaction with the cytochromes P45011A1 and 11B1, but not with
cytochrome ¢ and thus adrenodoxin reductase (Uhlmann et al. 1994). Dele-
tion mutant 4—114, where the N-terminal three serine residues were removed
as well as amino acids 115-128, revealed lower Km-values in CYP11A1-de-
pendent cholesterol side-chain cleavage and in CYP11B1-dependent corti-
costerone formation. The effect was even more pronounced when a deletion
mutant was used where residues 109-128 were removed. While the Vmax
value was not changed in the CYP11A1-dependent reaction, it was increased
by a factor of 5 in the CYP11B1-dependent reaction. Furthermore, it was
demonstrated that this increase was due to a four- to fivefold increase in the
reduction rate. The molecular basis for the drastic increase in the transfer of
the first electron by deletion mutant 4—108 is not yet clear, however. Interes-
tingly, in these studies it was clearly demonstrated that there are different
requirements or mechanisms of interaction for the recognition not only
between adrenodoxin and adrenodoxin reductase, but also between adreno-
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doxin and CYP11A1, as compared with adrenodoxin and CYP11B1. These
data demonstrate that different interaction sites (or mechanisms) are used, at
least in part, for the interaction between adrenodoxin and adrenodoxin reduc-
tase, on the one hand, and adrenodoxin and cytochromes P450 on the other.

The adrenodoxin-binding sites on CYP11A1 were analyzed using cross-
linking, immunological, chemical modification, and site-directed mutagen-
esis studies (for review see Bernhardt 1993). Binding of pyridoxal 5’-phos-
phate at a level of 0.82 and 2.85 mol/mol CYP11A1 resulted in 60% and
98% inhibition, respectively, of the electron transfer rate from adrenodoxin
to P450. Sequence analysis of modified peptides revealed residues 377 and
381 (residues 338 and 342, respectively, according to the numbering without
taking into account the preprotein) as specifically modified (Tsubaki et al.
1989). Modification of CYP11A1 with FITC led to very selective modifica-
tion of only Lys377 and to 85% inhibition of adrenodoxin binding (Tuls et
al. 1989). Thus, Lys377 is suggested to be involved in the interaction with
adrenodoxin. Interestingly, in CYP11A1 no lysine has been found in the
position homologous to Lys384 of CYP2B4, but Lys377 is very near to
Lys384 in the alignment and the region Ala381-Trp400 flanks the homolo-
gous region, containing Lys384, from the other side (Nelson and Strobel
1988, 1989; Gotoh and Fujii-Kuriyama 1989). The essential role of lysine
residues in adrenodoxin binding has been determined using site-directed
mutagenesis. Replacement of Lys377 and Lys381 residues of CYP11A1 by
either neutral or negative amino acids revealed greatly increased Kq values
for adrenodoxin binding, indicating that these lysines are the key sites in
adrenodoxin/CYP11A1 binding (Wada and Waterman 1992).

So far, nothing is known about the interaction of other P450 forms with
adrenodoxin. Difficulties in the expression of these enzymes (e.g.,
CYP11B1,CYP11B2) in E. coli or other micro-organisms hamper the study
of these systems in vitro.

When everything said above is taken into account, it seems to be possible
that two binding sites for adrenodoxin exist on cytochromes P450, one
possessing a high affinity for adrenodoxin and reacting with similar groups
as adrenodoxin reductase, and another whose affinity is increased after
introduction of the first electron and which could probably react with a
different binding area of the adrenodoxin molecule, thus giving rise to the
formation of a ternary complex under distinct circumstances.

3.3 Bacterial P450 Systems

In CYP101, which is phylogenetically very distant from the mammalian
P450s, Lys314, which is homologous to Lys384 of CYP2B4, was shown to
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be not directly involved in putidaredoxin binding, but to be located at the
periphery of the binding region (Bernhardt 1993). This is in accordance with
computer modeling and site-directed mutagenesis studies identifying Arg72,
Argl12, Lys344, and Arg364 as interacting residues (Stayton et al. 1989,
Stayton and Sligar 1990).

Interestingly, modification of CYP101 with 2-methoxy-5-nitrotropone
revealed several labeled peptides with lysines in positions 126, 197, 214,
313, 314, 372, and 392, but only Lys197 was protected from modification
upon coincubation of CYP101 with putidaredoxin. Whether Lys197 is part
of a second binding site for putidaredoxin or is decreased in its accessibility
for the chemical label due to conformational changes upon putidaredoxin
binding remains to be clarified.

Obviously, the binding sites of various P450s for their electron donors
are very similar but not identical to each other. Further support for this
assumption comes from heterologous reconstitution studies. It was shown
that putidaredoxin and linredoxin bind to CYP2B4 and, moreover, sup-
port benzphetamine conversion with the respective bacterial reductases
and NADH instead of microsomal reductase. The efficiency of substrate
conversion is of the same order of magnitude (cf. Table 8) as that of
substrate conversion in a homologous reconstitution mixture with micro-
somal reductase and dilauroyl phosphatidylcholine (Bernhardt and Gun-
salus 1985, 1992). Heterologous reconstitution of CYP2B4 activity was
also achieved using adrenodoxin and adrenodoxin reductase as electron
donors (Smettan et al. 1985). Very recently, it was demonstrated that
CYP2BS activity toward 4-nitroanisole can be reconstituted with adreno-
doxin and adrenodoxin reductase as the electron-supporting system in-
stead of reductase. Surprisingly, the electron flow was about 4.6 times
faster from the mitochondrial redox chain to CYP2BS5 than from the
natural redox partner (Lehnerer et al. 1995).

Thus, an evolutionary conserved binding site for the electron donor seems
to exist. Binding is not sufficient for performing catalysis, however. It has
been observed in this connection that linredoxin and linredoxin reductase are
only weakly able to support camphor hydroxylation by CYP101, although
linredoxin binds to CYP101 with only about twofold reduced affinity as
compared with putidaredoxin (Bernhardt and Gunsalus 1992). Moreover,
NADPH-cytochrome P450 reductase was not able to support CYP101 and
CYP111 (P450lin)-dependent substrate conversions (Bernhardt, unpub-
lished results). Obviously, other factors such as redox potentials and correct
orientation of proteins to one another play an essential role in determining
the ability of a redox couple to perform first and second electron incorpora-
tion and subsequent substrate hydroxylation.
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4 Electron Transfer in Cytochrome P450 Systems

The mechanism of electron transfer is one of the fundamental problems in
life sciences. Electron transfer takes place in photosynthesis and cell respir-
ation, but also in cytochrome P450-dependent substrate conversion.

The P450 mono-oxygenase cycle (Fig. 6) requires one-electron-step reduc-
tion of both the ferric and the oxygen-bound forms of the P450 enzyme. The
best-studied system with respect to electron transfer mechanism is again the
bacterial CYP101 system. In this system, the electrons are transferred by
putidaredoxin in a bimolecular complex, where electron transfer is the rate-limi-
ting step at room temperature (Pederson et al. 1977; Hintz and Peterson 1981).
The association of putidaredoxin and CYP101 is important in determining the
driving force of electron transfer. Direct measurements (Sligar and Gunsalus
1976) and kinetic modeling (Hintz et al. 1982) of the putidaredoxin/CYP101
association reaction show that reduced putidaredoxin binds to CYP101 more
tightly than the oxidized protein. It was recently demonstrated that the presence
of a C-terminal aromatic residue is required for a relatively high CYP101
affinity of the reduced relative to the oxidized protein (Davies et al. 1990;
Davies and Sligar 1992). The "desolvation” of putidaredoxin’s C-terminal
residue has been discussed as a possible explanation for this behavior (Davies
and Sligar 1992). The distance the electron has to be transferred from the
prosthetic group of putidaredoxin, the /2Fe-2S/cluster, to the heme of CYP101
is more than 20 A. X-ray crystallographic data have shown that in CYP101 the
heme is deeply embedded into the protein; it is not accessible from the surface
and a minimum of ~8 A away from it (Poulos et al. 1985). Thus, no direct
pathway from the prosthetic group of the electron donor to the prosthetic group
of CYP101 seems to be possible, but a pathway including protein groups of at
least P450cam is necessary. A similar pathway through protein groups has been
proposed for the CYP2B4/microsomal reductase electron transfer couple on the
basis of chemical modification studies and fluorescence measurements (Bern-
hardt et al. 1989b).

The role of the protein medium in directly modulating biological electron
transfer processes has been the subject of intense theoretical and experimen-
tal investigations. There are presently two main models of the electron
transfer process in biological systems. One proposes a uniform one-dimen-
sional square tunneling barrier for electron tunneling, and according to
Moser et al. (1992) describes a broad range of natural and synthetic electron
transfer pathways. The other model describes specific through bond path-
ways for electron transfer, which account for the unique covalent, hydrogen-
bonded, and van der Waals contacts linking donor and acceptor in a protein
(the electron is assumed to be transferred via these bonds and contacts). This
model gives a consistent description of electron transfer rates not only in
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ruthenated proteins (cytochrome c, myoglobin, cytochrome bs) (Beratan et
al. 1990, 1991, 1992a,b; Onuchic and Beratan 1990), but also in the recently
crystallized cytochrome c/cytochrome ¢ peroxidase complex (Pelletier and
Kraut 1992; Beratan et al. 1992b).

Whether there is a special role of aromatic residues in electron transfer has
been the subject of controversy (Wendoloski et al. 1987; Liang et al. 1988;
Everest et al. 1991; He et al. 1991; Inglis et al. 1991; Farver et al. 1993;
Willie et al. 1993) and requires further experimental substantiation. A model
whereby electron transport is realized by a covalent switching mechanism
has been proposed (Baldwin et al. 1991) but does not coincide with recent
data on the role of Trp106 of putidaredoxin in CYP101/putidaredoxin inter-
action (Davies and Sligar 1992).

There have been only a few attempts so far to experimentally study the
potential role of aromatic residues of cytochromes P450 in electron transfer
(Gotoh and Fujii-Kuriyama 1989; Furuya et al. 1989ab; Straub et al.
1993a,b; Yasukochi et al. 1994; Porter 1994). Replacement of Try120 of
CYP2C2 by a series of aliphatic and aromatic residues revealed a preference
for aromatic residues, but also the small aliphatic amino acid, alanine, at
position 120 (Straub et al. 1993b). Thus, aromaticity in this position seems
not to be indispensable for efficient electron transfer. If one considers the
three-dimensional structure of CYP101 it can be seen that several aromatic
residues (Fig. 10) are located in between the binding site for the electron
donor, putidaredoxin, and the active site, heme (Bernhardt et al. 1994b;
Bernhardt and Uhlmann 1995). Phe350 has been suggested to possibly play
an essential role in electron transfer (Stayton and Sligar 1990). It has been
shown, however, that Phe350 is essential for the integrity of the heme-bind-
ing site (Sligar et al. 1991) and contributes to enhance the efficiency of the
electron transfer, yet does not seem to be essential for this reaction (Yasuko-
chi et al. 1994). Substitution of the homologous residue in CYP1A2, Phe449,
by tyrosine was found to produce an unstable protein (Shimizu et al. 1988).
In contrast, it proved possible to replace the homologous phenylalanine in
CYP2E1, Phe429, by tyrosine and tryptophan, but not by aspartate, arginine,
or leucine (Porter 1994). The tryptophan mutant showed a significantly
reduced NADPH oxidation in both the presence and the absence of substrate,
suggesting that electron transfer was impaired by this mutation. The author
hypothesized that this might be due either to a reduction in electron transfer
efficiency or to altered binding of CYP2EI and reductase (Porter 1994).

Replacement of Tyr75 of CYP101, which is also located between the
heme and the putidaredoxin binding site, by serine leed to decreased activity
of this P450 by about 30%, due to a decrease in Vmax. The diminution of the
activity has been shown to arise from hindrance of first electron introduction.
This alteration was relatively small, however, and thus does not indicate an
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essential role of Tyr75 in the intracomplex electron transfer between
CYP101 and putidaredoxin. Also in mitochondrial adrenodoxin, where in-
volvement of tyrosine 82 in the electron transfer was proposed, based on
chemical modification studies (Taniguchi and Kimura 1975, 1976), recent
site-directed mutagenesis experiments have provided evidence that this aro-
matic residue is not involved in the electron transfer, but plays an essential
role in binding of CYP11A1 and CYP11B1 (Beckert et al. 1994a,b). How-
ever, the replacement of Tyr75 in CYP101 by serine seems to modulate the
electron transfer rate (Bernhardt et al. 1994a; Bernhardt and Uhlmann 1995).
Calculation of the possible electron transfer pathways in CYP101 using the
PATHWAYS II software package (Beratan et al. 1990, 1992a,b) showed
this to be probably due to small conformational changes in the intervening
sequence, which is involved in electron transfer, induced by the replacement
(Bernhardt and Uhlmann 1995). The most probable pathway includes a
pathway from the glutamine 360 side chain through the backbone of Gln
360, then through a 3.4-A through-space jump to the sulfur of Cys357, and
in this way directly to the heme iron. Tyr75 is located within about 10 A of
this pathway. Thus, its replacement may cause disturbances of this pathway
region (Bernhardt et al. 1994b; Bernhardt and Uhlmann 1995).

Interestingly, when the coupling of every amino acid on the surface of the
protein to the active site, heme, is calculated, the strongest coupling is
obtained for the area which is surrounded by some of the amino acid residues
(Arg72, Lys344) proposed as being involved in the putidaredoxin recogni-
tion site (Stayton et al. 1989; Stayton and Sligar 1990). Several groups on the
surface of CYP101 are very tightly coupled to the heme. There is no other
region so tightly coupled to the heme, demonstrating an excellent agreement
of experimental data and theoretical considerations (Bernhardt and Uhlmann
1995). Furthermore, the observation that replacement of Argl12, being part
of the recognition site for putidaredoxin, by other amino acids markedly
affected the rate of the reduction of CYP101 by putidaredoxin, thus sugges-
ting that this residue could be involved in the electron transfer (Koga et al.
1993; Shimada et al. 1994), is in agreement with this model.

Unfortunately, current models for the calculation of electron transfer
pathways do not take into account the dynamics of the protein structure.
Thus, it remains open whether different P450/electron donor complexes are
possible. Further studies using site-directed mutagenesis of CYP101 and the
other cytochromes P450 so far crystallized, as well as investigation of
Ru*-labeled cytochromes P450, are necessary to substantiate the pathway
model for the P450 family.
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5 Regulation of Cytochrome P450 Systems

Regulation of enzyme systems is possible at different levels of integration
(Fig. 11). With regard to cytochrome P450 systems, the complexity of the
reaction cycle and the organization within membrane systems for most of the
cytochromes P450, as well as their organ- and tissue-specific expression,
imply various possibilities for the working of regulatory mechanisms (for
reviews see Ruckpaul et al. 1989; Ruckpaul 1993). Interaction between these
mechanisms then leads to the tuned response of these enzyme systems to
endogenous and exogenous signals in terms of acute and long-term reacti-
vities of cytochromes P450. So far, only part of this interesting and complex
phenomenon is understood, and further investigation of individual regula-
tion levels as well as combination and integration of the available knowledge
is needed.
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5.1 Regulation at the Molecular Level
5.1.1 Spin Equilibrium

The spin state of oxidized iron (Fe3+) is generally as follows:

1 1 1 1 1 S=5/2 (high-spin state)
11 11 1 S=1/2 (low-spin state)
11 |1 1 1 S=3/2 (intermediate state)

Octahedral d° complexes have been shown to exist in two different magnetic
and thermodynamic stable forms only, namely the low- or the high-spin
state. The temperature dependence of the spin eqilibrium shows a very low
energy barrier between the two spin states. Thus, changing the temperature
should lead to changes in the spin state of P450. In fact, such changes were
observed independently, based on temperature-induced difference spectra
(see also Sect. 2.3) with soluble CYP101 (Sligar 1976) and with solubilized
liver microsomal P450 from phenobarbital-induced rabbits (Rein et al.
1976a, 1977). The temperature-induced difference spectra of cytochromes
P450 exhibit maxima and minima typical for high-spin and low-spin bands
of the Soret and visible region (Sligar 1976; Rein et al. 1976b, 1977).
Analysis of these spectral changes revealed that at increasing temperatures
the concentration of the high-spin conformer increased, and vice versa.

In addition, a correlation between type-I and type-II substrate-induced
spectral and spin-state changes has been suggested (Mitani and Horie 1969;
Whysner et al. 1970). The substrate-induced spectral changes of the Soret
and the Q-bands indicated a spin-state change in the heme complex. The
Soret bands of cytochrome P450 are well separated, with a high-spin band at
387 nm and a low-spin band at 418 nm. Type-I substrates induce a high-spin
shift concomitant with an increase of the absorption band at 387 nm and a
decrease of the band at 418 nm, whereas with so-called inverse type-I
substrates the high-spin band decreases concomitant with an increase of the
low-spin band. This difference can be used to measure substrate binding to
P450. Besides optical characterization, the electron paramagnetic resonance
method is well suited to spin-state determination. The appearance of low-
spin (g=2) and high-spin (g=6-8) signals in the EPR spetrum of hemopro-
teins can be measured at low temperatures (< 77 K) (Rein and Ristau 1964).
Further substrate-induced changes of the P450 structure can obviously be
neglected, in agreement with the observation that only small changes occur
in the circular dichroism (CD) spectrum upon substrate binding (Rein et al.
1976b).
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Scheme 1 Fig. 12. Thermodynamically closed four-
state model of P450 spin and substrate-bind-
,+S ing equilibria. (From Ruckpaul et al. 1989)
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Both spin equilibria and substrate-binding equilibria can be described in a
thermodynamic four-state model (Fig. 12). The difference in the substrate
affinity between the two spin states is most pronounced in CYP101, which is
characterized by a substrate-induced high-spin shift for camphor of more
than 90% (Sligar 1976). The substrate affinities to both spin-state confor-
mers differ by a factor of about 200. In the microsomal CYP2B4 from rabbit
liver the affinities of benzphetamine binding to the high- and low-spin
conformer vary only by a factor of 5 (Ristau et al. 1978).

Concomitant with a high-spin shift upon substrate binding, the redox
potential of the P450 is shifted. With CYP101 the redox potential is —303
mV in the absence of camphor and shifts to —~173 mV when camphor is
present (Sligar 1976). Similar changes in the redox potential were observed
for mitochondrial cytochromes P450 such as CYP11A1 and CYP11B1 upon
substrate binding. For microsomal cytochromes P450 the redox potential
changes upon substrate binding are much less pronounced. Obviously,
species- and isoenzyme-specific differences in the redox potential exist
(Ruckpaul et al. 1989 and references cited therein).

A linear dependence of the redox potential Em on the logarithm of the
high-spin fraction alpha was shown using CYP2B4 in the presence of differ-
ent tertiary amines (Rein et al. 1989). The linear relationship Em/-log alpha
clearly demonstrates the regulation of a cytochrome P450 redox equilibrium
via the spin state of the heme iron.

On the other hand, an increase of the kapp of cytochrome P450 reduction
with a substrate-induced increase in the high-spin fraction alpha has been
observed (reviewed by Ruckpaul et al. 1989). For a series of benzphetamine
derivatives under saturation conditions and liver microsomal P450 from
phenobarbital-induced rat liver, a linear correlation of the apparent rate
constant for P450 reduction from the fraction of the high-spin conformer
(kapp/alpha) has been demonstrated. In this system the low-spin conformer is
not reduced (Blanck et al. 1983). The correlation kapp/alpha has been sup-
ported by studies using reconstituted CYP2B4 and CYP101 (Schwarze et al.
1985; Fisher and Sligar 1985). However, with CYP2B4 also an alternative
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reduction of P450 via a relatively unfavorable ferrous low-spin state was
observed (Schwarze et al. 1985).

Moreover, it must be pointed out that the observed redox/spin-state corre-
lations cannot be generalized to all P450 forms and substrates. Other factors
such as specific conformational changes and induced changes of P450-mem-
brane interactions upon substrate binding may be more important for either
reduction rate or substrate-induced high-spin shift. It is obvious from the
described relationships, however, that effectors changing the spin state or the
redox potential of a cytochrome P450 also regulate P450 activity.

5.1.2 Control Function of the Substrate

As described in the previous section, the substrate can regulate P450 activity
by changing the fraction of high-spin P450, and in this way the reduction
rate, which in many P450 systems is the rate-limiting step of catalysis.
Furthermore, it has been demonstrated that the capacity of the substrate to
induce an enzymatically active conformation of the P450 strongly depends
on structural parameters of the substrate. Using CYP2B4 and a series of
benzphetamine derivatives, a correlation of activity with the geometry of the
substrate was shown (Schwarze et al. 1985).

In the study of a series of parasubstituted toluene derivatives, enzymatic
parameters such as the apparent dissociation constant for the enzyme/sub-
strate complex (K4), the interaction energy (Gint), and the catalytic constant
(kcat) have been correlated with several physicochemical constants of the
individual substrates such as the Hansch constant for hydrophobicity, the
Hammett value, and the molar volume. It was shown that the apparent
dissociation constant can be predicted by a linear combination of the molar
volume of the substrates and their hydrophobicity (Hansch constant). In
addition, a deuterium effect of 2.6 indicated that hydrogen abstraction was
partially rate limiting with these substrates (White and McCarthy 1986).
Based on other experiments using a series of ten alkylbenzenes, it was
concluded that the electron-accepting potential of the hydrocarbons is an
important structural feature for P450-dependent catalysis (Lewis et al.
1986). Although these experiments show good correlations with a distinct
P450 form, one should be careful in extrapolating these data to other forms
and substrates. Interestingly, simultaneous binding of two different mole-
cules to the same P450-active site has been shown for CYP3A4 with phenan-
threne and 7,8-benzoflavone, leading to an increase of the Vimax of phenan-
threne metabolism. This is the first evidence that activation, and
autoactivation, must be taken into account, at least with this P450 form,
when possible drug interactions are considered (Shou et al. 1994).
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5.1.3 Regulation by Alternate Pathways

Since the earliest studies of liver microsomes, it has been known that
hydrogen peroxide is formed during drug metabolism (Gillette et al. 1957).
Subsequent studies by several groups revealed that cytochromes P450 cata-
lyze not only mono-oxygenase (Eq. 3) but also oxidase (Eq. 4a-c) and perox-
idase (Eg. 5) reactions:

RH + O+ NADPH+H* ———» ROH + H,0 + NADP* 3)
200+ NADPH ———— 20%-+ NADP*+ H* (4a)
0o+ NADPH+H* —» H,0+ NADP! (4b)

O+ 2NADPH + 2H' ———» 2H,0 + 2NADP* (4c)

RH + XOOH — — » ROH + XOH 5)

As shown in Fig. 6, H2O; can be formed at different steps of the reaction
cycle. However, it was concluded from stoichiometrical measurements that
protonation and subsequent release of a two-electron-reduced oxygen
species does not represent a significant pathway for the hydrogen peroxide
formation (Kuthan and Ullrich 1982). The formation of water from NADPH
was suggested by measuring the stoichiometry of NADPH, O2, and peroxide
in microsomes (Zhukov and Archakov 1982). Formation of water was also
shown in reconstituted microsomal P450 systems, which, in addition, re-
leased HoO2 (Gorsky et al. 1984). It was further demonstrated that the ratio
P450/0oxygen is critical for the amount of water released. While at a fourfold
molar excess of CYP1A2 over oxygen water is formed, at a twofold molar
excess H2O3 is released (Oprian et al. 1983). The release of reduced states of
oxygen (1,2, or 4 electron-reduced), as shown in Fig. 6, was suggested to
represent an uncoupling of the mono-oxygenase reaction (Gorsky et al.
1984). Again, this uncoupling seems to be dependent upon the isoenzyme
and substrate used (see next section).

The possibility that P450 can function as a peroxidase was first proposed
by Hrycay and O’Brien (1972). Whether this so-called shunt mechanism
(Fig. 6, step 9) is of physiological importance remains unclear at present.
Thus, through modulation of the relationship of different pathways, regula-
tion of P450 hydroxylase activity may occur.

5.2 Regulation at the Membrane Level

Since nearly all of the cytochromes P450 are bound to membranes, they can
also be regulated at that level. Exclusions are most of the bacterial cytochro-
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mes P450 such as CYP101, CYP102, CYP108, and CYP111, which are
soluble.

First reconstitution experiments with microsomal cytochromes P450 re-
vealed that, besides NADPH-dependent reductase, a heat-stable factor, later
identified as lipids, is necessary for the functional activity (Lu et al. 1969a,b;
Strobel et al. 1970; Lu and Levin 1972). Similar results were obtained when
the reconstitution of mitochondrial CYP11A1-dependent activity was at-
tempted (Omura et al. 1966; Lambeth et al. 1980a,b). The composition of the
membrane, e.g., protein-lipid as well as protein-protein interactions, thus
exerts a functional control on cytochromes P450 (for reviews see Ruckpaul
and Bernhardt 1984; Ruckpaul et al. 1989; Blanck and Ruckpaul 1993).

Lipids appear to function in at least three different ways (Fig. 13): (a)
Lipids stabilize and/or induce a functionally active conformation of P450
and the corresponding electron transfer system. Such specific lipid binding
stabilizing protein conformation has in general been suggested to occur also
in other membrane proteins (Abney and Owicki 1985). (b) Lipids modulate
the electron transfer. (¢) Lipids mediate interactions between P450 and the
respective electron donor systems.

The majority of cytochromes P450 is located in the endoplasmic reticu-
lum. This organelle is composed of about 60%—70% protein by weight and
30%-40% phospholipid. The protein moeity contains about 10% P450,
which is increased to about 20% upon phenobarbital induction. Thus, the
P450/1ipid molar ratio amounts to about 1:200 — 1:120 (Depierre and Ernster
1977). The stoichiometry of reductase and P450 was determined to be 1:15
independent of induction (Shephard et al. 1983). The lipid composition of
the microsomes is summarized in Table 3 and consists mainly of phosphati-
dylcholine (PC), phosphatidylethanolamine (PE), and, to a minor extent, the
negatively charged phosphatidylserine (PS) and phosphatidylinosito! (PI).
The specificity of P450/lipid interaction has been widely studied using
reconstitution and various techniques to produce liposomes (Ingelman-
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Table 3. Phospholipid composition (percentage of total phosphorus) of liver microsomes
from untreated rats and of bovine adrenocortical microsomes and mitochondria (from Blanck
and Ruckpaul 1993)

Lipid Liver microsomes Adrenocortical
Microsomes Mitochondria

CL nd.? 19+1.8 125+1.1
PC 50.7+9.9 509+34 39.7+2.6
PE 23.0%23 269t1.5 34325

PI 12.5£0.5 11.9+14 6.0+0.2
PS 70+1.7 69%2.1 3513
SM 6.0+2.6 n.d. n.d.

Other 1.5£17 40%26

n.d., No data given in the references.

Sundberg and Glaumann 1977; Taniguchi et al. 1979; Bosterling et al. 1979;
French et al. 1980; Schwarz et al. 1984).

Dilauroyl-PC (DLPC)-reconstituted systems were shown to have acti-
vities similar to those of microsomes (White and Coon 1980). Investigations
by Chiang and Coon (1979), as well as Archakov (1982), demonstrate
conformational changes of P450 upon interaction with lipids. A high-spin
shift was observed upon DLPC binding (Chiang and Coon 1979). Changes
of the surroundings of a tyrosine residue of CYP2B4 were detected in the
presence of phospholipids and detergents but not other amphiphilic or hy-
drophobic compounds using derivative spectroscopy (Ruckpaul et al. 1980).
Incorporation of P450 into lipid vesicles was shown to stabilize the native
conformation of P450 (Uvarov et al. 1980). These data indicate a P450/lipid
interaction at the molecular level, leading to activation of the P450.

DLPC was also shown to favor the binding of reductase and substrate to
P450 (French et al. 1980). Furthermore, acidic head groups of the phos-
pholipid were observed to favor the formation of the functionally active
complex (Ingelman-Sundberg et al. 1983; Blanck et al. 1984). The Vmax
value for microsomal P450-dependent substrate conversion is directly de-
pendent on the concentration of a 1:1 functional complex between P450 and
reductase. Thus, phospholipid exerts a clear regulatory effect upon P450/re-
ductase and P450/substrate interaction.

Furthermore, an interaction of P450 with cytochrome bs within the micro-
somal membrane is able to modulate P450 activity (for reviews see Ruck-
paul et al. 1989; Schenkman 1993). This interaction should also be depen-
dent on phospholipids, although detailed studies on this topic have not been
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performed yet. Proteins, on the other hand, were shown to cause a destabili-
zation of the lipid matrix (Akhrem et al. 1982). A decrease of the order of
hydrocarbon chains was observed upon P450 and reductase incorporation
into different liposomes (Kunz et al. 1985).

In mitochondrial systems, which consist of three proteins, the mitochon-
drial inner membrane is also able to modulate protein structure and protein-
protein interaction. As can be seen from Fig. 5, mitochondrial cytochromes
P450 are embedded in the inner mitochondrial membrane, whereas the
ferredoxin reductase (called adrenodoxin reductase in the case of the adrenal
mitochondrial steroid hydroxylases) is associated only with the membrane.
The immediate electron donor to P450, ferredoxin, is soluble and located in
the matrix space. Specific P450-lipid interactions have been demonstrated
(Lambeth et al. 1980b; Lambeth 1981). As compared with the lipid compo-
sition of the endoplasmic reticulum, mitochondria contain sixfold increased
amounts of cardiolipin (CL) and slightly decreased levels of PC, PS, and PI
(Table 3). Interestingly, an asymmetric distribution with increased levels of
negatively charged lipids at the matrix side of the inner mitochondrial mem-
brane, where the steroid hydroxylases are located, has been found (Daum 1985).
It has further been shown that lipids can stimulate binding of the substrate,
cholesterol, to CYP11A1, and this in the order CL>PS>PC>PE>PI (Pember
et al. 1983). This stimulation proceeds via an allosteric effectin a 1:1 (CL) or
2:1 (lipids with other head groups) molar ratio by a decrease in the Km for
cholesterol. Besides the head group, the fatty acids of the lipids can exert a
regulatory effect on mitochondrial P450 systems. With CYP11A1, the activity
correlates with the degree of unsaturation (Lambeth et al. 1980b; Igarashi and
Kimura 1986) as is the case for microsomal cytochromes P450 (Wade et al.
1978; Ruckpaul and Bernhardt 1984). In contrast, CYP11B1 exhibits the
highest activity when reconstituted with saturated lipids such as dipalmitoyl
phosphatidylcholine, while it is inhibited by lipids containing unsaturated
fatty acids. CL inhibits this P450 form via an increase in Ky and a decrease
in Vmax (Seybert 1990). Adrenodoxin favors binding of cholesterol to
CYP11A1 and vice versa (Lambeth et al. 1980a), an effect which is used for
measuring adrenodoxin binding to CYP11A1 by following the cholesterol-
induced high-spin shift. The mechanism and the physiological importance of
the differences in CL regulation of CYP11A1 and CYP11B1 are not clear
yet and require further investigation, as do the influence of membrane lipid
composition on the electron transfer and protein-protein interactions in
mitochondrial P450 systems.
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5.3 Regulation at the Cellular Level

Cellular regulation of cytochromes P450 is extremely complex and can
occur at two different levels, enzyme induction and post-translational modi-
fication of enzymes. Since both of these topics have been very extensively
studied, a thorough discussion of all aspects by far exceeds the scope of this
review, and the reader is referred to recent reviews by Waterman and
Estabrook (1983), Ruckpaul et al. (1989), Bresnick (1993), Sogawa and
Fujii-Kuriyama (1993), and Jansson (1993).

The phenomenon of P450 induction was observed long before P450 itself
was discovered. In 1945, Lacassange et al. found that the number of tumors
induced by injection of dibenzofluorene into the skin of mice was drastically
reduced when the carcinogen was applied in combination with methylcho-
lanthrene. At that time the observation was attributed to competition of the
two structurally related polycyclic hydrocarbons. The induction of drug-me-
tabolizing enzymes was noted in the early 1950s by Miller et al. (1952),
while they were performing studies on the effect of carcinogens upon azo
dye metabolism. Meanwhile, specific inducers for various P450 families and
subfamilies have been identified (Table 4). The mechanism of induction was
discovered in studies by the groups of Padmanaban and Waterman (Bhat and
Padmanaban 1978, 1979; DuBois and Waterman 1979). It was demonstrated
that the inductor functions by enhancing the rate of mRNA synthesis of a
special P450. This result was subsequently confirmed by several laboratories
following phenobarbital, 3-methylcholanthrene, or §-naphthoflavone treat-
ment of rats or rabbits (for review, see Waterman and Estabrook 1983 and
references therein). Of special interest was the observation of the time
dependence of phenobarbital-dependent P450 induction. Whereas the peak

Table 4. Inducible subfamilies of cytochrome P450 (from Bresnick 1593}

Family Subfamily  Other nomenclature Inducer
P450 1  CYPIAl1  P450c; P1-450; LM6 Polycyclic hydrocarbons, dioxins
CYP1A2  P450d; P3-450; LM4 Polycyclic hydrocarbons, dioxins,
isosafrole
P450 2 CYP2B1 P450b; LM2 Barbiturates,chlorinated hydro-

carbons and aromatics, trans-stilbene
oxide, acetylaminofluorene

CYP2B2  P450e Barbiturates and above
CYP2E1 P450j, LM3a Ethanol, ioniazid, acetone, imidazole
P450 3 CYP3A1  P450p Pregnenolone-16a-carbonitrile

P450 4  CYP4Al1  P452 Clofibrate, phthalates
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Fig. 14. Model for the induction of CYP1A1 by polycyclic hydrocarbons and dioxins.
P}, plasma membrane; NM, nuclear membrane; PAH, polycyclic aromatic hydrocarbon;
D, dioxins; 0, Ah receptor; Pol, polymerase; hnRNA, heterogeneous nuclear RNA. (From
Bresnick 1993)

for mRNA and apoprotein induction was observed after 16 h of phenobarbi-
tal treatment, the peak for holoprotein detection was found only after 22 h
(DuBois and Waterman 1979), indicating that heme synthesis or incorpora-
tion are limiting for P450 synthesis.

Nowadays, the best-understood model for P450 induction is the Ah-recep-
tor-mediated induction of CYP1A1-mediated aryl hydrocarbon hydroxylase
(Fig. 14). In this model the inducer, 3-methylcholanthrene or 2,3,7,8-tetra-
chlorodibenzo-p-dioxin (TCDD), which is 30 000 times more effective than
3-methylcholanthrene (Poland and Glover 1974), first binds to a receptor
(Okey 1990; Whitlock 1990; Landers and Bunce 1991). The inducer-recep-
tor complex is then transported into the nucleus, where it leads to transcrip-
tional activation of the CYP1A1 gene in conjunction with binding of the
heat-shock protein hsp 90. The questions remains whether a normal body
ligand for the Ah-receptor exists and what physiological importance this
endogenous ligand could have (Beresford 1993). It seems hard to believe,
that a mechanism of induction for xenobiotica was created in this P450
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subfamily which arose more than one million years ago, long before chemi-
cals such as TCDD and 3-methylcholanthrene were known.

After biosynthesis of cytochromes P450, some of them may be changed
by post-translational modification to exert a short-term control of activity.
The most common type of post-translational modification in eukaryotic
organisms is protein phosphorylation (Krebs 1986). Phosphorylation has
been demonstrated for several steroid hydroxylases such as the microsomal
CYP7 (Sanghvi et al. 1981; Shet et al. 1994), which is involved in choles-
terol 7-alpha-hydroxylation, as well as mitochondrial CYP11Al and
CYP11B1 (Caron et al. 1975; Defaye et al. 1982; Vilgrain et al. 1984). The
drug-metabolizing microsomal CYP2B4 has also been shown to be phos-
phorylated in vitro (Pyerin et al. 1983), leading, however, to denaturation of
the hemoprotein rather than to a short-term control of enzyme activity
(Taniguchi et al. 1985). It has been proposed that phosphorylation plays a
key role in post-translational regulation of several P450 forms in gene family
2 and could be important for short-term regulation in the case of reversibility
of phosphorylation (Pyerin and Taniguchi 1989). Studies on the ethanol-in-
ducible CYP2E1 revealed cAMP-dependent phosphorylation in hepatocytes
with concomitant denaturation, loss of enzymatic activity, and rapid degra-
dation (Eliasson et al. 1990). CYP3A1 is also phosphorylated with sub-
sequent denaturation, heme loss, and drop in catalytic activity (Mkrtchian et
al. 1994). A phosphorylation-dependent regulatory mechanism is obviously
responsible for control of cytochrome P450 turnover in different P450
families and could be a general mechanism for post-translational regulation
of various isoforms of P450.

It is interesting that neither modification of the N-terminus nor proteolysis
has been found in P450 systems as being of regulatory importance so far.
Although proteolytic cleavage of the C-terminal part of the mitochondrial
electron carrier, adrenodoxin, has been observed (Tanaka et al. 1973) during
isolation from bovine adrenals, which was shown to lead to a more active
protein with respect to its electron transfer function (Cupp and Vickery
1989; Uhlmann et al. 1994), so far no physiological importance for a trun-
cated adrenodoxin has been reported (Uhlmann et al. 1994).

5.4 Regulation at the Level of the Organism

Some of the cytochromes P450 are expressed in age-, tissue- and sex-de-
pendent manners (Kato 1974; Kato and Kamataki 1982; Keeney and Water-
man 1994). These differences are governed by sex or other hormones (for
reviews see Kato and Yamazoe 1993; Miller 1988; Ryan and Levin 1993;
Birnbaum 1993; Simpson et al. 1993; Waterman and Simpson 1990).
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Table 5. Changes in cytochrome P450 level in hypophysectomized rats and growth hormone-
or triiodothyronine (T3)-treated rats (from Kato and Yamazoe 1993)

Cytochrome  Hypophysectomized H+ growth hormone- H+T3-treated
P450 species  (H) treated male rats male rats

Male rats  Female rats Intermittent  Continuous

injection infusion

1A2 T () # # AN
2A1 T # { T {
2B1 Tt T TT7 il AN AN
2B2 TTT TTT { 11l Ll
2C7 { { T T -
2C11 il TTT T NN #
2C12 #ND), AN #ND), Tt #(ND),
2C13 T TTT # L1l -
2C22 I #(ND), T #ND), -
2E1 T T i Il -
3A2 T TTT il 11l 11l

T, Less than twofold; T T, less than fivefold; T T T, more than fivefold; 1, less than 25%;
4 1, less than 60%; | | |, more than 60%; #, no significant change; #(ND), remained
nondetectable; —, no data available.

# Data shown are derived from changes in specfic protein contents, except for CYP2C7 and
CYP2C22, in which the changes of mRNA levels are shown.

Sex-dependent Expression of Cytochromes P450. Sexual dimorphism in
hepatic metabolism of drugs and steroids in the rat has been well established
(Kato and Kamataki 1982). It was found that the magnitude of observed
differences which become apparent at puberty is dependent upon the sub-
strate and metabolic pathway studied. In general, rates of metabolism toward
the transformation of many drugs are lower in females than in males,
although certain reactions can be catalyzed more efficiently in females
(Gustafsson and Ingelman-Sundberg 1975; Gustafsson et al. 1983). Substan-
tial evidence has accumulated showing that sexual dimorphism is "im-
printed” in the neonate during the first weeks of life (Gustafsson et al. 1983).
Testicular androgens predetermine a male pattern of metabolism. It was
demonstrated that hormonal programming of sex-specific expression by
androgens or estrogens was not realized by a direct action of the hormones,
but was mediated through the hypothalamic-pituitary axis (Gustafsson et al.
1983). Thus, besides gonadal hormones, growth hormone also plays an
essential role in determining sex-specific expression of microsomal cyto-
chromes P450. Furthermore, thyroid hormone is known to affect rat micro-
somal P450 activities (Kato 1974). Recent results demonstrate that this
hormone depresses directly some forms of cytochrome P450 without chang-
ing the secretion of gonadal hormones or growth hormone (Murayama et al.
1991). Changes in the levels of different cytochrome P450 species in hypo-
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physectomized and growth hormone- or thyroid hormone-treated rats are
summarized in Table 5. Changes of the drug-metabolizing enzymes were
also observed in diabetic rats (for review see Kato and Yamazoe 1993). The
mechanism of insulin action on cytochrome P450 expression and activity is
not yet completely clear, however.

Age-dependent Expression of Cytochromes P450. Age-related changes in the
metabolism of drugs and xenobiotics are of great practical relevance, since
elderly people (> 65 years) are the heaviest consumers of drugs and comprise
approximately 20% of the population in developed countries. These age-related
differences in metabolism are attributable, at least in part, to changes in the P450
and lipid composition of hepatic microsomes. Thus, CYP2C7 was shown not to
be detectable in newborn rats, but rises between 1 and 4 weeks of age to a
maximum of 12 weeks (Gonzalez et al. 1986). Similar as well as different age
profiles have been observed for other P450 forms (for review see Ryan and
Levin 1993). The conclusion can be made that age-related changes are substrate
specific and dependent upon species, strain, sex, and tissue.

Tissue-specific Regulation of Cytochromes P450. Tissue-specific regulation of
cytochrome P450 expression has been most extensively studied with steroid
hydroxylases. It is well known that steroid hydroxylase expression is regulated
by ACTH via cAMP-dependent signaling (Simpson et al. 1987; Waterman and
Simpson 1990). A scheme of regulation of steroid hydroxylase expression is
presented in Fig. 15. Interestingly, this regulation is realized by an all-or-
nothing mechanism. While CYP11A1, catalyzing the initial step of steroid
hormone synthesis, i.., the conversion of cholesterol to pregnenolone, is ex-
pressed in all steroidogenic tissues (adrenal, testes, ovary; see Fig. 16),
CYP11B1, CYP11B2, and CYP21 are present only in the adrenal (Waterman
and Simpson 1990). CYP11B1 catalyzes the 11B-hydroxylation of 11-deoxy-
cortisol and 11-deoxycorticosterone to give cortisol and corticosterone,
respectively, and CYP11B2, being 93% identical in its nucleotide and
protein sequence to CYP11B1 (Kawamoto et al. 1990; Mornet et al. 1989),
is involved in the conversion of corticosterone to aldosterone. CYP21
participates in the formation of 11-deoxycorticosterone from progesterone
and of 11-deoxycortisol from 17-hydroxyprogesterone (Fig. 16). Besides
tissue specificity, differences in zonal distribution of some cytochromes
P450 can also be observed. In adrenals, CYP 11A1 was shown to be located
in the zona fasciculata as well as in the zona glomerulosa. CYP11B1 has
been traced to the zona fasciculata only (Ho and Vinson 1993; Mitani et al.
1994; Erdmann et al. 1995). In contrast, CYP11B2 was found only in the
zona glomerulosa (Ho and Vinson 1993; Mitani et al. 1994; Sander et al.
1994). In agreement with differences in the location are differences in the
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Fig. 15. Regulation of mito- ACTH )
chondrial steroid hydroxylases Angiotensinogen
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Membrane receptor Angiotensin |
Adenylate cyclase ACE
ATP cAMP Angiotensin |l
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Gene transcription Gene transcription
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CYP11A1 CYP11B2
CYP11B1

regulation of the genes of the CYP11B family. While CYP11B1 is regulated
via ACTH (Fig. 15), CYP11B2 responds to the renin-angiotensin system
(Shibata et al. 1991; Curnow et al. 1991; Bird et al. 1993; White et al. 1993).
Also Ad4BP, a zinc-finger DNA-binding protein functioning as a transcrip-
tion factor in the regulation of steroidogenic P450 genes in a cAMP-depen-
dent manner, was shown to be expressed to a varying extent in different
tissues (Morohashi et al. 1994).

Aromatase, catalyzing the aromatization of the A ring of androgens to
form estrogens, is expressed in a number of cells and tissues including ovary,
testis, placenta, adipose tissue, and brain (for review see Simpson et al.
1993). It was clearly demonstrated that tissue-specific regulation of human
aromatase expression is achieved using alternate promotors (Simpson et al.
1993; Bulun et al. 1994). The expression of CYP19 in human ovary utilizes
a promotor which is proximal to the translation start site. This promotor,
however, is not utilized in placenta; instead, a promotor at least 40 kb
upstream from the translation start site is utilized. It appears that this type of
regulation was first shown to be effective in a P450 system. Whether some
other cytochromes P450 will use a similar mechanism for tissue-specific
regulation remains to be elucidated.
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5.5 Developmental Regulation of Cytochromes P450

Although little is known so far about the function of cytochromes P450 in
development, this subject seems to be an intriguing topic for future studies,
since first experimental approaches such as in situ hybridization of mice
fetuses with different P450 probes (Keeney 1995), studies on the develop-
mental expression of transcriptional factors for steroid hydroxylases (Hatano
et al. 1994), and knockout of a transcriptional factor for steroid hydroxylases
(Tkeda et al. 1994; Luo et al. 1995) reveal promising results concerning
differences in developmental expression of certain cytochromes P450 and
function of these enzymes in development.

6 Formation of Reactive Oxygen Species in Cytochrome
P450-Catalyzed Reactions

Cytochrome P450 enzymes have been shown to be one of the main pro-
ducers of reactive oxygen in the liver cell. In 1957, it was demonstrated that
during NADPH oxidation in microsomes H2O2 is generated (Gillette et al.
1957). Later, "uncoupling” of cytochrome P450-dependent reactions was
described for different drugs and chemicals such as n-hexane (Staudt et al.
1974), hexobarbital, and benzphetamine (Hildebrandt and Roots 1975). Re-
active oxygen species are, in general, formed in biological systems by
reduction of dioxygen:

03 — 02" "— H2072 — HO® — H20

Superoxide anion (O2""), as well as hydrogen peroxide (H202) and hydroxyl
radical (OH") can be formed in cytochrome P450-catalyzed reactions. These
reactive oxygen species are of physiological and pathological importance;
due to their damaging effect, they may lead to alterations of cellular macro-
molecules such as DNA, proteins, and lipids (for reviews see Kappus 1993;
Karuzina and Archakov 1994).

6.1 Reactive Oxygen Generation on the Level of the Cytochrome P450
6.1.1 Possibilities of Reactive Oxygen Generation
As described in Sect. 2.3 and depicted in Fig. 6, hydrogen peroxide can be

generated in two ways: protonation and decay of the peroxy complex (the
direct way) (Nordblom and Coon 1977; Kuthan and Ullrich 1982; Zhukov
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and Archakov 1982), and dismutation of preformed 02" released from the
oxy ferrous complex (the indirect way) (Estabrook et al. 1979; Kuthan et al.
1978). Direct formation through peroxy complex breakdown was observed
during the oxidation of tertiary methyl-substituted amines (Ristau et al.
1989) and during camphor hydroxylation using the bacterial CYP101 sys-
tem containing a mutant CYP101 (Imai et al. 1989). The measurement of the
stoichiometry of 02"~ and H202 generation makes it possible to decide
between direct and indirect H2O2 formation in the P450 reaction cycle. In
the case of indirect H2O7 formation, the 02"~ to H2O2 ratio will be 2, due to
the stoichiometry of 02"~ dismutation, whereas a smaller ratio will be
obtained if H203 is partly formed directly (Zhukov and Archakov 1982;
Gorsky et al. 1984). H2O2 and O2°~ can react with reduced transition metals
such as Fe?* in the so-called Fenton or Haber-Weiss reaction to form the
most potent oxidant, the hydroxyl radical:

Fe** + 02" —» Fe?*+ Oy (6)
H202+ Fe?* - HO®+ OH + Fe>* 7

That P450 is the main site of reactive oxygen generation in P450-dependent
reactions has been shown by different lines of evidence such as CO-sensitiv-
ity of H2O7 formation and inhibition of this reaction by well-known P450
inhibitors (Karuzina and Archakov 1994). Furthermore, human liver micro-
somes produced superoxide and hydrogen peroxide at rates about 20%-30%
of that with rat liver microsomes, which was shown to be due, in part, to the
lower content of total P450 in the human liver microsomes, being only
one-third the content of rat liver microsomes (Rashba-Step and Cederbaum
1994).

6.1.2 Factors Influencing the Generation of Reactive Oxygen Species

Early studies on the H202 formation caused by P450 revealed that this
process is affected by the substrate as well as by the isoenzyme used.
Especially high reactive oxygen generation has been observed in ethanol-in-
duced liver microsomes and with isolated CYP2E1 (Ekstrom et al. 1986;
Ekstrom and Ingelman-Sundberg 1986; Persson et al. 1990; Albano et al.
1991; Rashba-Step et al. 1993). In HepG2 cells stably expressing human
CYP2E], it was demonstrated that the rate of microsomal H207 production
was two times higher than in the control cells without CYP2E1. The rate of
H202 production is half the rate of 02"~ production, suggesting that this
H203 is derived largely from indirect H2O2 formation by superoxide radical
dismutation (Dai et al. 1993). Since the rates of reactive oxygen formation
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Table 6. Stoichiometry of cytochrome P450-catalyzed reactions in reconstituted systems

Substrate H20; formed NADPH/Ox/product/H202
{nmol/min/nmol P450)
None 212 1.0/1.0/0/1.0*
Benzphetamine 42* 1.0/1.0/0.4/0.6
Cyclohexane 17* 1.0/0.9/0.8/0.3
N,N-dimethylaniline ~ 25° 1.0/1.1/0.6/0.5
ethanol 90" 1.0/0.8/0.2/0.2 °
1-pentanol 134%¢ 1.0/0.8/0.3/0.3 °

3 Data from Nordblom and Coon (1977).
b Data from Gorsky et al. (1984).
¢ nmol H,0;, formed/reaction mixture.

and lipid peroxidation were seven to ten times higher on a per nmol P450
basis with this recombinant cell line compared with human liver microsomes,
it was suggested that CYP2EL1 is especially reactive in the production of
reactive oxygen species and in catalysis of lipid peroxidation. So far, it is not
clear why this form shows such a high level of uncoupling; but this process
could play an important role in pathophysiological changes due to heavy
alcohol consumption.

Since many cytochromes P450 are inducible, the amount of reactive
oxygen species can increase by the effect of an inducer, e.g., halogenated
aromatic compounds, including TCDD, lindane, or phenobarbital (Al-Bayati
and Stohs 1987; Junqueira et al. 1986; Saito 1990; Scholz et al. 1990). In
addition, an influence of the cytochrome P450 substrate on reactive oxygen
generation has been evidenced (Table 6) (Nordblom and Coon 1977; Gorsky
et al. 1984). It can be seen from Table 6 that in the case of CYP2E1-depen-
dent ethanol oxidation the sum of product plus H2O2 formed is less than 1.0.
This was shown to be due to the formation of water by an overall four-elec-
tron transfer to molecular oxygen in this reconstitution system (Gorsky et al.
1984). Using a series of benzphetamine analogs, it was further demonstrated
that the high-spin shift caused by substrate binding correlates well with the
ratio of HCHOformed/(HCHO plus H20)formed but not with the ratio of H202
formed /NADPH consumed (Zhukov et al. 1989). When hepatic microsomes
were studied, free radical production was shown to be maximal in the
absence of substrates subject to oxidation by P450 enzymes (Bondy and
Naderi 1994).

Stimulation of H202 production can also be achieved by the inhibitory
action of certain compounds on oxygenase reactions. It was demostrated that
low concentrations of quercetin, a naturally occuring flavonoid, inhibit the
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oxidation of various substrates, e.g., ethoxyresorufin, p-nitroanisole, and
benzo[a]pyrene, by increasing the amount of H202 generation without in-
fluencing the rate of NADPH utilization (Sousa and Marletta 1985). Also
stobadine, a novel drug of pyridoindole structure proven to have a cardiopro-
tective effect, led to an increase in H2O2 production when added to rat liver
microsomes (Stefek 1993).

Finally, the degree of uncoupling can be modulated by changing some of
the active site residues. Due to the fact that the three-dimensional structure
of CYP101 has been known since 1985 (Poulos et al. 1985), most of the
crucial experiments in the study of this problem have been performed using
CYP101. As illustrated in Fig. 7, activation of molecular oxygen seems to be
realized, at least in CYP101, via a charge relay system. As can be seen from
Table 7, CYP101 shows essentially no uncoupling. All the reducing equiva-
lents used produce the hydroxylated product. When Thr252 of CYP101 was
replaced by alanine, glycine, or cysteine, however, a decrease in the forma-
tion of 5-exo-hydroxycamphor was obtained concomitant with an increase
in H207 production (Table 7) (Imai et al. 1989; Martinis et al. 1989; Shi-
mada et al. 1994). The ferrous Thr252Ala and Thr252Val mutants (Imai et
al. 1989) were converted very rapidly to oxy-P450 and slowly decomposed
to the ferric form. Since these rates were too slow to account for the overall
rates of molecular oxygen consumption, the formation of H202 was sug-
gested to arise directly by the decomposition of a peroxy complex, and not
through dismutation of superoxide anion (Imai et al. 1989). Resolution of the
crystal structure of mutant Thr252Ala to 2.1 A revealed that the opening
between residues 252 and 248 is wider in the mutant, so that an extra solvent
may move in (Raag et al. 1991). From model studies with heme systems it is
well known that a polar environment can stabilize an oxy-heme complex but
that a protic environment destabilizes this complex (Brinigar et al. 1974),
presumably by providing protons to dioxygen. It has been discussed (Poulos
and Raag 1992) that reduction of the hypothetical (FeO)3+ species, although
not very well understood, might be promoted in a protic environment (i.e.,
excess solvent). In this model, a Thr252-Ala366 solvent channel exists, and
the Thr252 side chain to peptide hydrogen bond prevents ready access of
protons to the active site, so that this residue is crucial for a controlled
delivery of protons to dioxygen within the CYP101 active site. This hypo-
thesis is supported by the observation that the Thr252Ser mutant exibits
essentially the same mono-oxygenase activity as the wild-type enzyme
(Table 7). It is interesting to note in this connection that despite participation
of Asp251 in the proton conduit (Gerber and Sligar 1992, 1994), conversion
of this residue to alanine does not result in H2O2 production {Shimada et al.
1991). A conclusive explanation of this behavior can be given only after
refinement of the Asp251Ala crystal structure.
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Table 7. Relationship of products formed per oxygen consumed by wild-type and mutant
CYPI101 (data taken from Shimada et al. 1994)

CYP101 Product formed per O3 consumed
5-ex0-OH-camphor [%] H;0, [%]
Thr 252 (Wild type) 97 3
Thr 252 Ala 5 89
Thr 252 Gly 3 88
Thr 252 Ser 85 15
Thr 252 Cys 7 86
Thr 252 Asn 57 12
Thr 252 Pro 10 77

On the other hand, when molecules smaller than d-camphor have been
used as substrates for CYP101, less coupling has generally been observed:
nearly 100% for d-camphor and 2% for most of the other substrates reported
(Atkins and Sligar 1988, 1989). Using a Phe96Tyr mutant, a sensitive probe
for determination of the active-site polarity has been created (Atkins and Sligar
1990). The sensitivity of Tyr96 to environmental polarity has been used to
demonstrate that the product/enzyme complex formed with 5-exo-hydroxy-
camphor may be associated with increased water access to the heme. It has been
supposed that unoccupied space in the active site could allow greater substrate
mobility or water access, which could promote production of reactive oxygen
species (Atkins and Sligar 1987; Wade 1990). This model can be tested by
re-engineering the protein, such that the substrate is packed more tightly in the
active site, allowing no additional water molecule to come in. In fact, when
CYP101-catalyzed ethylbenzene hydroxylation, which has a coupling (sto-
ichiometry of reducing equivalents to product) of only 5%, is studied, it can
be demonstrated that this coupling can increase to 13% when steric bulk in
the form of large hydrophobic residues is added to the top of the buried
binding pocket (Thr101Met/Thr185Phe/Val247Met), whereas similar sub-
stitutions on the other side of the cleft result in reduced product formation
(Loida and Sligar 1993a). Detailed studies of the relation between NADH
utilization, product formation, and hydrogen peroxide, as well as water
formation (Loida and Sligar 1993b), clearly demonstrate that active-site
hydration is important in the uncoupling to form H202. While the liberation
of H202 does not correlate with the location of the mutation in the pocket,
this location, as well as the size of the amino acid side chains in the
substrate-binding site, is of decisive relevance for the water production. The
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partitioning between hydroxylation and oxidase activities varies over 65%
due to the location of nonpolar substituents engineered into the active site.
Thus, the side chains that form-the internal surface of the active site —
although structurally distinct from the charge relay and not directly partici-
pating in dioxygen activation — through their role in determining substrate
orientation and dynamics and active-site hydration, have a dramatic effect
on the fate of reaction cycle intermediates and the coupling of reducing
equivalents to product. An influence of the substrate mobility and protein
flexibility has also been shown on the position and width of the CO stretch-
ing signals in CYP101 (Jung et al. 1992).

There are, unfortunately, almost no comparable experiments on microso-
mal or mitochondrial cytochromes P450. In a study of CYP1A2 mutants
(Ishigooka et al. 1992), where the conserved threonine cluster composed
of three threonines (Thr319, Thr321, Thr322) had been mutated, it was
found that the Thr319Ala mutant incorporated oxygen into the substrate
much more efficiently than the wild type. In contrast, the Glu318Ala
mutant had a much lower efficiency of incorporated oxygen atom to the
substrate versus produced H202 compared with the wild type CYP1A2
(Table 2). This indicates that in microsomal P450 forms polar amino
acids at position 318 prior to the conserved threonine could contribute
significantly to the activation of the oxygen molecule and to the regula-
tion of the access of water to the active site. A participation of the
conserved threonine in determining the substrate specificity has been
evidenced in some microsomal P450 forms (Furuya et al. 1989a,b; Imai
and Nakamura 1988, 1989; Fukuda et al. 1993). Unfortunately, the effect
of mutation with respect to reactive oxygen formation was not investi-
gated in these studies.

6.2 Formation of Reactive Oxygen Species at the Level of
the Electron-Supporting System

As depicted in Fig. 5, P450 is able to accept reducing equivalents under
physiological conditions from different electron donors, via a FAD- and
FMN-containing reductase in microsomal P450 systems and via a FAD-con-
taining reductase and a /2Fe-2S/protein in most bacterial and in mitochon-
drial P450 systems. These electron donor systems are also a possible source
for the generation of reactive oxygen species.
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6.2.1 Generation of Reactive Oxygen Species at the Level
of Microsomal Reductase

In the early 1960s, a flavin-containing reductase was found in the microso-
mal fraction (Philips and Langdon 1962; Williams and Kamin 1962). Al-
though the observation that the reductase is concomitantly induced with drug
hydroxylation led to the suggestion that it functions under physiological
conditions as an electron donor to microsomal drug-metabolizing enzymes
(Ernster and Orrhenius 1965; Jick and Shuster 1966), direct evidence for this
proposal came only in the late 1960s, when the laurate-m-hydroxylase activ-
ity was reconstituted from a detergent-solubilized preparation of cytochrome
P450, reductase, and a heat-stable component (Lu and Coon 1968; Lu et al.
1969a) later identified as phosphatidylcholine (Strobel et al. 1970; reviewed
by Backes 1993). The microsomal reductase was shown to have a molecular
weight of approximately 78 kD and to contain one molecule each of FAD
and FMN per molecule of protein (Van der Hoeven and Coon 1974; Yasu-
kochi and Masters 1976; Dignam and Strobel 1977). Interestingly, recent
studies on the dissection of NADPH-cytochrome P450 reductase into dis-
tinct functional domains support the hypothesis that FMN/FAD-containing
proteins have evolved as a fusion of two ancestral genes (Smith et al. 1994).
This raises the possibility that other structurally related proteins such as
nitric oxide synthase and sulfite reductase could have evolved by a similar
procedure. Since each flavin is able to accept up to two electrons, a reductase
molecule may contain between zero and four electrons. The reduction state
of the reductase can be followed by monitoring changes of the absorption
spectrum. The oxidized enzyme has absorption maxima at 275, 380, and
455 nm, whereas the addition of excess NADPH under anaerobic conditions
caused a decrease at 455 nm, with a small increase of the absorption between
510 and 700 nm (Masters and Kamin 1965). When the reduced reductase is
exposed to air, it does not become completely oxidized but forms an air-
stable semiquinone and the superoxide anion (Masters and Kamin 1965;
Iyanagi and Mason 1973). This reaction proceeds especially at high O2 and
low enzyme concentrations and in the absence of cytochromes P450 (Yasu-
kochi et al. 1979). Following initial controversy, it is now generally accepted
that the air-stable semiquinone contains a single electron per mole of
enzyme (Iyanagi et al. 1978; Vermilion and Coon 1978; Yasukochi et al.
1979). Titration of reductase with reducing equivalents indicated that the
flavins were not equivalent and that one of the flavins (FAD) acts by
accepting the electrons from NADPH, whereas the other (FMN) acts as an
electron carrier donating electrons to cytochromes P450 (reviewed by
Backes 1993). The order of electron transfer into the reductase molecule is
controlled by the reduction potentials for the electron transfer to the various
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flavin species. These reduction potentials have been determined by Iyanagi
et al. (1974).

E'o (V)
FAD FADH" -0.110
FADH® FADH; -0.270
FMN FMNH* -0.290
FMNH"® FMNH> -0.365

The nine potential reductase subforms are depicted in Fig. 17. It has to be
taken into account, however, that NADPH is an obligate two-electron donor
and therefore cannot transfer electrons to a reductase molecule containing
three electrons. A number of investigators have suggested that the reductase
cycles between the one- and three-electron reduced state (Iyanagi et al. 1978,
1981; Vermilion et al. 1981). Others have described cycling between the
two- and four-electron-containing forms (Oprian and Coon 1982; Backes
and Reker-Backes 1988). In both models cytochrome P450 is reduced by
two one-electron transfer steps, as shown by Peterson et al. (1977), with the
proteins forming a 1:1 complex (Miwa et al. 1979; Miwa and Lu 1984).
According to Backes (1993), it seems quite possible that under different
conditions one or the other mechanism may predominate.

Whether production of the superoxide anion by reoxidation of the semi-
quinone is of greater toxicological importance remains open. It seems con-
ceivable that under conditions where the amount of cytochromes P450 is
lowered or the interaction between P450 and reductase is disturbed, this
process could play a role.

The ability of reductase to catalyze one-electron quinone reduction, lead-
ing to the formation of biologically active semiquinones (Powis et al. 1987,
Spencer and Rifkind 1990), is another source of reactive oxygen species at

FADH- Kg  FAD
FMN FMNH-

Kz NADPH NADP*

FAD FADHz , _, FADH-,__, FAD FADHz
FMN Ko FMN Ky FMNH-"K, FMNHz2 K FMNHz

Fig. 17. Potential reduction
states of NADPH-cytochrome
P450 reductase. (From Backes FADH2 FADH:
and Reker-Backes 1988) FMNH- K  FMNHz

NADPH NADP+ Ks
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Fig. 18. Redox cycling of a quinone compound by NADPH-cytochrome P450 reductase

the level of reductase. As shown in Fig. 18, these reactive oxygen species
can be formed from the respective semiquinones by redox cycling (Kappus
1985, 1986, 1993). The best-studied example of a drug undergoing redox
cycling is paracetamol (acetaminophen), which is metabolized to the benzo-
quinoneimine. This product then undergoes redox cycling to give 02"~ (Van
de Straat 1987; Van de Straat et al. 1988). Other compounds undergoing
redox cycling of quinone intermediates, and thus leading to reactive oxygen
species, are t-butyl-hydroxyanisol (Kahl et al. 1989; Kahl 1991; Cummings
et al. 1990), naphthalene, and benzene (Kappus 1993).

6.2.2 Generation of Reactive Oxygen Species at the Level of
the Microsomal Mono-Oxygenase System

As indicated above, relatively high amounts of oxygen at low levels of
reductase stimulate production of superoxide anions by microsomal reduc-
tase following formation of the air-stable semiquinone, especially in the
absence of cytochrome P450. On the other hand, the relationship between
the amounts of P450/reductase, the ionic strength of the medium, and the
presence of cytochrome bs was shown to affect the amount of reactive
oxygen species formed in P450 systems (Zhukov et al. 1989). These results
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Table 8. CYP2B4-dependent benzphetamine demethylase activity in homologously and he-
terologously reconstituted systems (from Bernhardt and Gunsalus 1992)

Redox donor Vmax Product yield

uM min™! HCHO/NAD(P)H
Microsomal 412 0.48
PdR, Pd 6.0: 42-105 42 0.37
LdR, Ld 0.7: 7- 34 52 0.30

100 mM potassium phosphate buffer, 10% glycerol, pH 7, 298 K; 1 mM benzphetamine
added to initiate reaction.

2With dilauroyl phosphatidylcholine; data from Koop and Coon (1979).

indicate that the interaction between P450 and the electron donors (reductase
or cytochrome bs) obviously plays an important role in determining the
amount of reactive oxygen species. It has been shown in this connection that
heterologous reconstitution of CYP2B4 activity with bacterial electron
donor systems leads to comparable efficiency of benzphetamine-N-de-
methylation when compared with a "native" reconstitution system, consist-
ing of CYP2B4, microsomal reductase, and dilauroyl phosphatidylcholine.
However, the relative amount of NADPH used for product formation was
lower than in the case of the reconstituted microsomal system (Table 8),
indicating that P450/electron donor interaction is crucial for reactive oxygen
formation. This conclusion is supported by the observation that replacement
of Arg112 of CYP101, which is involved in the interaction with the electron
donor putidaredoxin, by lysine, cysteine, and tyrosine led to an increase in
H203 production, which was 30% in the case of Argl12Tyr (Shimada et al.
1994). :

Thus, the "tightness" of the electron donor coupling to P450 will influence
the formation of reactive oxygen species in microsomal P450 systems at the
level of the P450 and, to a minor extent, at the level of reductase. Since this
interaction is affected not only by the relative amounts of P450/electron
donor but also by the lipid composition, pathophysiological as well as
nutritional aspects will modulate the amount of reactive oxygen species
formed.

6.3 Generation of Reactive Oxygen Species in Mitochondrial P450 Systems
Mitochondrial P450 systems are involved in several key hydroxylation steps

leading to physiologically active metabolites such as glucocorticoids, min-
eralocorticoids, sex hormones, bile acids, and hydroxyvitamins D3. As de-
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Fig. 19. Possible pathways of electron flows and reactive oxygen species generation (leak-
age) in mitochondrial cytochrome P450 systems. (From Hanukoglu et al. 1993)

picted in Fig. 5, mitochondrial cytochromes P450 obtain their reducing equival-
ents from NADPH via a FAD-containing mitochondrial reductase and a ferred-
oxin of the /2Fe-2S/ type. Their general protein composition thus resembles the
composition of most bacterial cytochrome P450 systems, e.g., the CYP101 and
CYP108 systems. Ferredoxin and the ferredoxin reductase were first discovered
by Omura et al. (1966) as proteins supporting the 11B-hydroxylase cytochrome
P450 (CYP11B1). Due to the property of /2Fe-2S/ proteins as one-electron
shuttles, P450 is reduced also in these systems by two one-electron transfer
steps. Whether the three proteins form a temary complex or whether the
ferredoxin functions as a mobile shuttle between the ferredoxin reductase
and the sterotd hydroxylases has been the subject of controversy (reviewed
by Lambeth 1990, see also Sect. 3.2).
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Reactive oxygen species can be formed in mitochondrial P450 systems, as
in bacterial and microsomal systems, at the level of the P450 (see Sect. 6.1),
but also at the level of the electron-supporting system. The elegant studies of
Hanukoglu et al. (1993) demostrate that mitochondrial P450 systems can
leak electrons, producing O2-derived free radicals (Fig. 19). It was measured
that 7.8 UM electrons/min arise when the system is reconstituted without
P450, whereas only 3.5 UM electrons are produced in the presence of
CYP11Al1, and even < 0.5 pM electrons/min arise when cholesterol is pre-
sent as substrate. When CYP11B1 instead of CYP11A1 was used, a rela-
tively higher amount of leakage was observed in the presence of substrate
(Rapoport et al. 1994). The tighter coupling during cholesterol and deoxy-
corticosterone conversion may be explained by the observations that the
substrate enhances binding of adrenodoxin and induces a high-spin shift of
the heme iron, that it increases the redox potential of P450, and that it
stabilizes the oxyferro complex of P450 (Hanukoglu and Jefcoat 1980;
Lambeth and Pember 1983). In addition, the substrate can occupy the active
site, thus excluding water and decreasing the polarity of the microenviron-
ment of the FeO2 complex, and consequently inhibiting the release of O2°",
as was shown for CYP101 (Poulos et al. 1985; Loida and Sligar 1993a,b).

The present findings raise the question of whether the mitochondrial P450
systems form reactive oxygen species under physiological conditions and
what cellular mechanisms operate to control this effect. It was shown in
cultured adrenocortical cells that CYP11B1 undergoes rapid inactivation in
the presence of so-called pseudosubstrates, whereas no such drastic inactiva-
tion has been observed with CYP11A1. The inactivation was suggested to
result from generation of reactive oxygen species (Hornsby 1986). Thus, it
seems possible that the availability of substrates and pseudosubstrates could
be an important factor in reactive oxygen generation in mitochondria. So far,
no correlation has been made between the availability of these substrates and
toxicological effects. Furthermore, it is not known whether pathophysiologi-
cal conditions arise from a dysregulation of NADPH synthesis and choleste-
rol availability.

6.4 Self-Inactivation of Cytochrome P450 by Reactive Oxygen Species

As discussed for CYP11B1 in cultured adrenocortical cells, many enzymes
may undergo self-inactivation by reactive oxygen species. Among these are
superoxide dismutases, chloroperoxidase, glutathione peroxidase, NADH
oxidase, and xanthine oxidase. Prostaglandin synthase and thromboxane
synthase also undergo self-inactivation, but the mechanism is not yet clear
(see Karuzina and Archakov 1994 and references cited therein). Inactivation
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caused by reactive oxygen species (Guengerich 1978; Loosemore et al.
1980; Karuzina and Archakov 1985) has also been described for microsomal
cytochromes P450. Furthermore, oxidative damage of microsomal proteins
can be mediated by reactive oxygen species formed by P450. Interestingly,
ascorbate was shown to specifically inhibit free-metal-independent P450-
mediated protein oxidation and thereby to prevent subsequent proteolytic
degradation, whereas other scavengers of reactive oxygen species, including
superoxide dismutase, catalase, and glutathione, were ineffective. Interac-
tion of ascorbate with the P450 Fe3+02_ complex has been suggested as a
mechanism of protection (Mukhopadyay and Chatterjee 1994). As discussed
before, reactive intermediates in oxygenase reaction can be formed at the
stage of the oxy or peroxy complex (Fig. 6). Since neither H202 nor 02" is
a strong oxidant by itself, OH" seems to be the most likely candidate for the
ultimate oxidant (Halliwell and Gutteridge 1984, 1986), although a direct
damaging effect of 02" has also been demonstrated (Fridovich 1986).
Inactivation by reactive oxygen species has been shown for CYP2B4,
whereas CYP1A2 and CYP101 were not inactivated (Karuzina and Archa-
kov 1994). This observation implies that the possibility of self-inactivation
of some P450 forms by active oxygen species should be taken into consider-
ation in situations where an increased uptake of xenobiotics, e.g., special
drugs, occurs. Diminution of the amount of P450 can then lead to a further
increase in reactive oxygen production due to electron leakage (see
Sect. 6.1.2), unless this process is not counterregulated by a decrease in the
supply of reducing equivalents.

6.5 Participation of Cytochrome P450 in Lipid Peroxidation

Direct initiation of lipid peroxidation by cytochrome P450 using CYP2B4
has been suggested (Ekstrém and Ingelman-Sundberg 1986), although this
finding has been subject to controversy (for review see Kappus 1993).
Recent studies suggest that CYP1A1 catalyzes lipid peroxidation by a perox-
ide-induced reaction, whereas CYP1A2 functions mainly in NADPH-in-
duced lipid peroxidation via generation of a reactive oxygen species
(Ohmori et al. 1993). Furthermore, reactive oxygen species generated during
the metabolism of cyclosporin A and inducing microsomal lipid peroxida-
tion were shown to be a possible explanation for the toxicity of this immuno-
suppressive drug (Serino et al. 1993) In addition, lipid peroxidation can be
induced by metabolites of P450-dependent reactions. Thus, conversion of
carbon tetrachloride, leading to the CCl3 radical, obviously starts lipid
peroxidation (for review see Kappus 1993). It was recently demonstrated
that rats treated with ethanol had higher CYP2E1-dependent hepatic micro-
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somal activities and CClg-induced lipid peroxidation than controls. Simulta-
neous chlormetriazole treatment inhibited CYP2E] expression in rat liver
and abolished CCls-induced lipid peroxidation (Hu et al. 1994). Studies to
prevent CCl3-induced lipid peroxidation and liver injury were performed
using cimetidine as the protective agent. It was shown that the protective
effect of cimetidine can be attributed to a reduction in cytochrome P450
(Mera et al. 1994). Another possibility for lipid peroxidation seems to be
catalysis induced by destruction products of the heme, presumably by re-
lease of iron ions, which initiate lipid peroxidation through a Fenton reaction
(see Sect. 6.1.1). The latter observation may lead to the conclusion that
conditions where cytochromes P450 undergo self-inactivation may induce
lipid peroxidation. Phosphorylation of P450 was demonstrated to increase
lipid peroxidation by about 30%. As a mechanism, it was hypothesized that
phosphorylation of P450 alters the interaction with reductase, which may
enhance production of free radical species, initiating lipid peroxidation
(Mkrchian and Andersson 1990). Another possible explanation, however, is
the observed phosphorylation-dependent denaturation of P450, leading to a
release of iron ions and allowing the Fenton reaction to proceed. However, it
seems that our understanding of these processes is still very incomplete and
requires further intensive investigation.

7 Cytochrome P450 and Nitric Oxide

It was recently discovered that NO synthase, catalyzing the conversion of
L-arginine via NG-hydroxy-L-arginine to citrulline and nitric oxide (NO), is
a P450-type hemoprotein, possessing also a FAD- and FMN-containing
reductase domain (Bredt et al. 1991; Stuehr and Ikeda-Saito 1992; McMillan
et al. 1992; White and Marletta 1992). Current knowledge about the enzy-
matic pathway catalyzed by NO synthase and its physiological implications
has been reviewed elsewhere (Moncada et al. 1991; Lowenstein and Snyder
1992; White and Marletta 1993; Masters 1994). For this reason, this section
will cover only possible interactions between cytochrome P450 and NO
synthase or NO.

At present, several levels of interference between NO synthase and P450
have been described, which are not yet understood in detail. First, it was
shown that NO synthase may participate in cellular electron transfer pro-
cesses and that a variety of electron acceptors may interfere with NO formation,
due to the broad substrate specificity of the reductase domain of NO synthase
(Klatt et al. 1992). Second, it was demonstrated that cytochromes P450 of
the CYP3A family are able to catalyze the second step in NO synthase-de-
pendent NO production, the oxidation of NG-hydroxy~L—arginine to citrulline
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and NO (Renaud et al. 1993), thus presumably leading to a competition
between the "normal” substrates of this P450 family and the NO synthase
intermediates. Furthermore, NADPH-dependent microsomal metabolism of
N-nitrosamines was shown to result in both oxidative dealkylation and
denitrosation of the molecule. The latter reaction leads to the formation of
nitric oxide, either by a P450-dependent one-electron reduction of the nitro-
samine or by liberation of NO via an oxidative mechanism mediated by a
P450-dependent one-electron abstraction (Appel et al. 1991). In addition,
cytochrome P450 can be inhibited by NO in the same manner as by CO
(Khatsenko et al. 1993). Inhibition of CYP1Al and CYP1A2 was also
demonstrated using V79 Chinese hamster cells genetically engineered for
stable expression of these P450 forms and NO donors (Stadler et al. 1994).
Stimulation of endogenous NO synthesis in rat hepatocytes also led to a
decrease in CYP1A1-dependent benzo[a]pyrene turnover. The competitive
inhibitor of NO synthesis, N~"-monomethyl-L-arginine, was able to restore
CYP1A1 activity (Stadler et al. 1994). Moreover, immunostimulants, which
are now known to cause NO overproduction, led to a decrease in both
hepatic microsomal P450 activity and CO binding (Khatsenko et al. 1993).
On the other hand, binding of NO to both ferric and ferrous NO synthase was
recently demonstrated, thus giving rise to product inhibition during the
catalytic process of this enzyme (Wang et al. 1994). It is obvious that such a
type of interaction with P450 can take place only in tissues where both
proteins are expressed, such as brain.

Finally, it was very recently found that endogenous nitric oxide produc-
tion may be linked to 1,25-dihydroxyvitamin D3 synthesis in HD-11 cells in
vitro, indicating that macrophage NO-generating capacity could be function-
ally linked to endogenous synthesis of the active vitamin D metabolite
(Adams et al. 1994). The physiological importance of this finding has to be
further substantiated.

Taken together, these results suggest that there is not only a similarity
between the structures and the reaction mechanisms of P450 and NO syn-
thase, but also a variety of possibilities for interference which contribute to
the complexity of regulation of both enzymes and reactive oxygen produc-
tion.

8 Concluding Remarks and Outlook

Cytochromes P450 are multicatalysts possessing high complexity and dis-
playing a broad field of activity. Although more than 300 different P450
forms have already been described, new forms are constantly being dis-
covered, opening new research fields. While in the 1960s the function of
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cytochromes P450 was discovered and their hemoprotein nature identified,
the 1970s were characterized by the purification of different P450 forms and
by the identification of the components of mono-oxygenase systems. In the
1980s the hallmarks of P450 research were the resolution of primary struc-
tures and of the first crystal structure, as well as breakthroughs in under-
standing the molecular biology of these systems. The past few years have
brought new crystal structures of soluble cytochromes P450, deeper insights
into the mechanism of gene expression of various P450 forms, and the
expansion of interest to other fields of biology such as plant, insect, and fish
tissues. These new directions will expand the magnitude of contributions to
P450 research and open new fields of application. There are still many
questions waiting to be answered during the coming years. There is no
three-dimensional structure of a membrane-bound P450 available, and the
mechanism of electron transfer in P450 systems is still poorly understood, as
is the folding of the protein components of P450 systems. In addition, the
importance of polymorphisms and microheterogeneities in this family and
the regulation of gene expression need to be further investigated. Moreover,
the role of cytochromes P450 in developmental regulation and in pathologi-
cal processes has to be clarified. :

During the past few years, the importance of cytochromes P450 in patho-
logical processes has seemed to increase. An involvement of CYP2D6 in the
pathogenesis of Parkinson’s disease has been postulated, although this sug-
gestion has been a matter of controversy (Tanner 1991; Sturman and Wil-
liams 1991; Smith et al. 1992). Furthermore, cytochromes P450 have been
shown to play an essential role in some forms of hepatitis (Leeder et al.
1992; Seelig et al. 1993; Lecoeur et al. 1994). The role of reactive oxygen
species produced by cytochrome P450 systems in pathological processes has
hardly been considered so far. It has been demonstrated, however, that free
radicals are involved in the pathophysiology of chronic pancreatitis, and a
participation of P450 in this process has been proposed (Niederau et al.
1991). Moreover, it has been shown that cytochromes P450 mediate hy-
droxyl radical formation during reoxygenation of the kidney leading to lethal
cell injury (Paller and Jacob 1994). Although it is conceivable that natural
mutants of cytochromes P450 might exist which show uncoupling of the
reaction cycle and an increased production of reactive oxygen species, no
such mutants have been described so far. This is due to the fact that in most
such studies the mutants were tested in an in vitro assay only for their
enzymatic activity, but not with respect to the stoichiometry of substrates
used and reaction products formed. Thus, the naturally occurring mutants of
cytochromes P450 with point mutations described so far were shown or
supposed to influence heme binding (White et al. 1991; Wu and Chung
1991; Geley et al. 1995), protein stability (Faletto et al. 1992), and mem-
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brane incorporation (Tusie-Luna et al. 1991). In other cases decreases in the
activity have been observed, but the molecular basis of these effects is not
yet understood (Higashi et al. 1991; Partanen and Campbell 1991; Imai et al.
1993; Curnow et al. 1993; Nakashima et al. 1994). In this connection it
would be of great interest to investigate whether reactive oxygen species can
be produced by such mutants and can be correlated to pathophysiological
changes.
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1 Introduction

The formation of reactive oxygen species (ROS) inside cells constitutes a
serious threat to the integrity of the cellular genome. This is best indicated by
the fact that apparently all types of cells contain a number of repair endonu-
cleases which specifically recognize DNA modifications induced by ROS
(for reviews, see Friedberg 1985; Wallace 1988; Lindahl 1990; Boiteux
1993; Demple and Harrison 1994). These repair endonucleases act inde-
pendently from and in addition to the unspecific nucleotide excision repair
system, which is represented in Escherichia coli by the UvrABC endonu-
clease.

Institute of Pharmacy, University of Mainz, Staudinger Weg 5, 55099 Mainz, Germany
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The term ROS is usually used to describe intermediates of the reduction
of molecular oxygen to water, such as superoxide (O2") and hydroxyl radi-
cals (OH), several other oxygen-centered radicals, such as alkoxy radicals,
peroxy rad1cals and triplet excited states of carbony! compounds, and singlet
oxygen ( 02) (Pryor 1986). ROS are generated inside cells not only under
the influence of exogenous agents such as visible light, UV radiation, ion-
izing radiation and several xenobiotics (e.g., quinones, peroxides), but also
endogenously as by-products of oxygen metabolism under natural condi-
tions (Halliwell and Gutteridge 1986; Sies 1986, 1991; Joenje 1989; Clayson
et al. 1994). The relevance of this endogenous ROS production as a high risk
factor for genetic stability is indicated by the considerable (up to 1000-fold)
increase in spontaneous mutation rates that is associated with certain defects
in the specific repair of oxidative DNA modifications (Michaels et al.
1992a).

In recent years, oxidative DNA modifications and the mutations resulting
from them have been implicated in several diseases and physiologic proces-
ses of clinical relevance. The list ranges from age-correlated disorders such
as arteriosclerosis, Parkinson’s disease, diabetes and cancer to the process of
aging itself (Ames, 1983; Halliwell and Gutteridge 1989; Breimer 1990;
Wallace, 1992; Frenkel 1992; Gutteridge 1993; Lindahl 1993; Shigenaga et
al. 1994; Halliwell 1994). In the case of cancer, oxidative damage to chro-
mosomal DNA is thought to induce mutations that can activate oncogenes or
inactivate tumor supressor genes (Breimer 1990). In other diseases, oxida-
tive damage to mitochondrial DNA (mtDNA) may be of particular importance
(Wallace 1992; Richter 1992; Shigenaga et al. 1994). ROS generated during
oxidative (respiratory chain) phosphorylation in the mitochondria may result
in mtDNA damage and mtDNA mutations. On the assumption that there is
no selection against mutated and therefore malfunctioning mitochondria
during cell propagation, the percentage of defective mitochondria would be
expected to increase during the lifetime of an organism and result in energy
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(adenosine triphosphate, ATP) shortage in the cells and ultimately in tissue
defects (Fig. 1). Vicious circles are well possible, since certain mutations in
the chromosomal DNA (nDNA) or mtDNA may increase ROS formation,
and therefore the rate of further oxidative DNA damage (Bandy and Davison
1990).

To obtain further insight into the role of oxidative DNA damage as a
causal or ancillary risk factor for carcinogenesis and other diseases, it is
necessary to characterize and quantify the oxidative DNA damage under
various conditions and correlate it with its direct genotoxic consequences,
i.e., with the numbers and types of mutation induced. Two different ap-
proaches, which complement each other, are feasible. In the first approach,
oxidative DNA modifications with the highest mutagenic potential are ident-
ified and then serve as marker lesions that can be correlated with the effects
of interest, e.g., the incidence of mutations and disease (see Breimer 1990;
Essigmann and Wood 1993; Feig et al. 1994). Major problems associated
with this approach are the large number of different types of DNA modifica-
tions that are induced by ROS (see below) and the fact that the mutagenic
potential of a defined modification is very dependent on the sequence con-
text. In the second approach, oxidative DNA damage spectra ("damage
profiles") rather than single, defined DNA modifications are correlated with
the mutagenic consequences. In this case, for the conditions of oxidative
stress which are of interest (a) the type of DNA damage profile induced and
(b) the extent of any suitable marker lesion has to be determined. This
second approach is particularly valuable as it may be assumed that the
number of relevant mechanisms that are directly responsible for oxidative
DNA damage in the cells — and therefore the number of oxidative damage
profiles that has to be investigated — is lower than the number of relevant
DNA modifications.

Here recent data for the genotoxic consequences of (a) defined oxidative
DNA modifications and (b) oxidative damage profiles induced by various
ROS will be summarized. Then, oxidative damage profiles that are gener-
ated under various conditions of oxidative stress in cells will be described.

2 Defined Oxidative DNA Modifications and Their Consequences

The number of different oxidative DNA modifications that are generated by
highly reactive species such as hydroxyl radicals is very large; approxi-
mately 100 different modifications have been identified (von Sonntag 1987,
Dizdaroglu 1992). They include DNA single-strand and double-strand
breaks, base modifications, sites of base loss (apurinic/apyrimidinic sites,
AP sites) and cross-links. Sites of base loss comprise both regular AP sites,
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which are generated by a mere hydrolysis of the N-glycosylic bond, and
oxidized AP sites, which frequently result from radical attack at the positions
17,2, or 4’ of the sugar moiety. The term "strand break™ also covers several
defined modifications which differ in the phosphate and sugar residues at the
5’and 3’ terminus of the strand break. Among the modifications of pyri-
midine bases are several 5,6-dihydropyrimidine derivatives (e.g., thymine
glycols and cytosine hydrates) and fragmentation products, e.g., 5-hydroxy-
5-methylhydantoin, a ring-contracted thymine (Breimer and Lindahl 1985).
Modifications of purines include 8-hydroxypurines and ring fragmentation
products such as an oxazolone (Cadet et al. 1994) and formamidopyrimi-
dines (Fapy lesions). The formation of the last type of modification involves
opening of the imidazole ring, but no net oxidation takes place. DNA protein
cross-links can be formed between various DNA bases and amino acids;
however, thymine to tyrosine cross-links seem to prevail in the presence of
oxygen (Nackerdien et al. 1991). Some chemical structures of oxidative base
modifications and AP sites are shown in Fig. 2.

Only a small fraction of the known oxidative DNA modifications has
been analyzed for its genotoxic consequences so far. Since different target
genes have been used and since both the repair and the miscoding properties
of DNA modifications are sequence dependent (Tornaletti and Pfeifer 1994;
Gao et al. 1994; Retel et al. 1993), data obtained for the various lesions
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K 7 o;l CHO ‘k_y:o

O-P- O-P- O-P-
"regular" AP site 4’-oxidized AP site 1"-oxidized AP site

o)

H )jj:ou i N ¥
N HN)Jj: )J\/[NH-CHO
| o HN
OJ\N " HzN)\\N h|'>:: A l
Rib

>
1 H,N™ ~ N "NH-Rib.

Rib.
cis-thymine glycol 8-hydroxy-guanine Fapy-guanine
NH, H . NH;
NZ OH o. N o) O+ 7 N
g X, Y
Rib. Rib. Rib.

5-hydroxycytosine 5-hydroxy-5-methylhydantoin adenine-l1-oxide

Fig. 2. Chemical structures of some types of AP sites (sites of base loss) and oxidative DNA
base modifications mentioned in the text
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cannot be compared directly and give only a rough estimate of the mutagenic
risk resulting from the lesions.

8-Hydroxyguanine (7,8-dihydro-8-oxoguanine, 8-0xoG) (see Fig. 2) is
most probably the most frequent base modification after reaction of DNA
with hydroxyl radicals, singlet oxygen, excited photosensitizers and other
species (see below) and has received greatest interest in recent years. Re-
search has been facilitated by the sensitive and relatively easy determination
of 8-0x0G by HPLC with an electrochemical detector (Floyd et al. 1986).
8-Ox0G mispairs with adenine during DNA replication (Shibutani et al.
1991) and therefore gives rise to G:C—T :A transversions in bacteria (Wood
et al. 1990; Moriya et al. 1991; Cheng et al. 1992) and mammalian cells
(Klein et al. 1992, Moriya 1993). The mutation frequencies observed at
single 8-0x0G residues in a single-stranded vector in mammalian cells were
2.5%—4.8% (Moriya 1993). The relatively low mutagenicity is the result of
several specific protective mechanisms. In E. coli, Fpg protein (formamido-
pyrimidine-DNA glycosylase) removes 8-0x0G from 8-0x0G:C pairs, but
not from 0xoG:A mismatches that result from a misincorporation of adenine
opposite 8-0xo0G. MutY protein, on the other hand, removes the unmodified
adenine from 8-0x0G:A mismatches (Michaels et al. 1992a,b). A third
protein, MutT, is a phosphatase that removes 8-0xoGTP from the nucleotide
pool and thereby prevents a misincorporation of 8-0xoG opposite adenine
residues in the template (Maki and Sekiguchi 1992). A homologue of MutT
is active in human cells (Mo et al. 1992). Furthermore, the unspecific
nucleotide excision repair systems in E. coli (Czeczot et al. 1991) and in
mammalian cells (Klein et al. 1992) can most probably also remove 8-0xo0G
residues. 8-OxoG residues apparently do not block DNA replication (Shibu-
tani et al. 1991; Moriya 1993) and transcription (Chen and Bogenhagen
1993) nor induce significant cell-cycle arrest (Ballmaier and Epe 1995).
Nevertheless, in Xp-A cells (deficient in nucleotide excision repair) the
replication of 8-0xoG-containing plasmids was impaired (Klein et al. 1992).

8-Hydroxyadenine (8-oxoA) is generated in DNA by hydroxy! radicals in
somewhat lower yields than 8-0xoG (Fuciarelli et al. 1990; Dizdaroglu
1992). In a direct comparison, a single 8-0x0A in a vector was at least an
order of magnitude less mutagenic than an 8-0x0G in the same position
(Wood et al. 1992). Interestingly, 8-0x0A is not a good substrate for Fpg
protein (Boiteux et al. 1992; Tchou et al. 1994).

Formamidopyrimidines (Fapy lesions) (Fig. 2) are formed in significant
amounts in the reaction of hydroxyl radicals with DNA (Fuciarelli et al.
1990; Dizdaroglu 1992). They apparently block DNA synthesis rather than
induce mutations (Tudek et al. 1992).

2-Hydroxy-adenine (2-0x0A) is a minor purine modification found after
reaction with hydroxyl radicals (Dizdaroglu et al. 1993). It has recently been
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shown to give rise to misincorporation of dAMP during ir vitro replication,
which could result in A—T transversions (Kamiya et al. 1995).

Among the oxidative modifications of pyrimidines, cis-thymine glycol is
the best studied. It acts as a blocking lesion. (Ide et al. 1985; Clark and
Beardsley 1987; Evans et al. 1993). When placed at a unique site in a
single-stranded vector, cis-thymine glycol caused T—C transitions in E. coli
with low frequency (0.3%); no mutagenicity was observed with double-
stranded DNA (Basu et al. 1989; Hayes et al. 1988). The specific repair of
thymine glycol and other 5,6-dihydropyrimidine derivatives by endo-
nuclease III in E. coli and similar enzymes in many other organisms is one
clear reason for the low mutagenic potential (Boiteux 1993; Demple and
Harrison 1994). In addition, thymine glycols in bacteria can also be repaired
by nucleotide excision repair (Lin and Sancar 1989; Kow et al. 1990).

5,6-Dihydrocytosines (e.g., cytosine hydrates and glycols) are of interest
since their spontaneous rates of deamination are probably increased relative
to that of unmodified cytosine (O’Donnell et al. 1994). At sites of cytosine
methylation, deamination yields thymine derivatives which pair with
adenine upon replication and thus induce G:C—A:T transitions. This transi-
tion is the most frequent type of base subsitution found in the p53 gene of
tumors (Hollstein et al. 1991). Furthermore, defects in the mismatch repair
of G:T pairs, which increase the risk for this transition, are responsible for a
hereditary form of colon cancer (Papadopoulos et al. 1994; Bronner et al.
1994).

5-Hydroxymethyuracil is an example of an oxidative base modification
that probably causes few or no genetic problems, as indicated by the fact that
in the genome of Bacillus subtilis phage SP8 thymine is completely sub-
stituted by 5-hydroxymethyluracil (Kallen et al. 1962).

In a new approach to identifying the cytosine modification(s) with the
highest mutagenic potential, Loeb and coworkers treated 2’-deoxycytidine-
5°-triphosphate (dCTP) with H202 in the presence of FeSO4 and ascorbic
acid, separated the reaction products by high-performance liquid chromato-
graphy (HPLC) and incorporated them into a gene that allows analysis of the
formation of mutations in E. coli (Feig et al. 1994). 5-Hydroxycytosine
(5-OH-Cyt) was identified as one of the premutagenic modifications that
give rise to G:C—A:T transitions. Under cell-free conditions, in addition to
guanine both adenine and cytosine were found to be incorporated opposite
5-OH-Cyt, depending on the sequence context (Purmal et al. 1994). 5-OH-
Cyt can be formed by dehydration of cytosine glycols, but is probably also a
direct product in the reaction of DNA with oxidants. In DNA of rat liver and
kidney, it was detected in amounts similar to those of 8-0xoG (Wagner et al.
1992). Dizdaroglu et al. (1993) reported that S-OH-Cyt was not excised by
endonuclease III from y-irradiated DNA. In contrast, Hatahet et al. (1994)
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observed surprisingly that 5-OH-Cyt in a defined sequence context was
recognized by both endonuclease Il and Fpg protein.

DNA double-strand breaks are both highly toxic and mutagenic and
generally are assumed to be responsible for (some of) the chromosomal
aberrations and large deletions observed with ionizing radiation and other
types of oxidative damage. DNA single-strand breaks, in contrast, are read-
ily repaired. The repair after exposure to oxidants, however, is biphasic
(Churchill et al. 1991) and the possibility cannot be excluded that a minor
subtype of single-strand breaks contributes significantly to the mutagenicity
of some oxidants. In V79 cells treated with various photosensitizers plus
light, however, the mutation frequency (HPRT locus) was not correlated
with the number of single-strand breaks induced (Noodt et al. 1993).

Sites of base loss (AP sites) are noninstructive lesions and block DNA
replication, but they have been shown to be premutagenic too. Guanine was
most frequently inserted opposite regular (i.e., unoxidized) AP sites in a
shuttle vector replicated in mammalian cells (Neto et al. 1992; Klinedinst
and Drinkwater 1992). In addition to base substitutions, deletions were
frequently observed, possibly because AP sites are easily converted into
strand breaks, both enzymatically and spontaneously. In contrast, AP sites in
bacteria with induced SOS response most frequently code for A (Loeb and
Preston 1986; Lawrence et al. 1990). A yeast strain deficient in its AP
endonuclease Apn-1 had increased spontaneous mutation rates (Kunz et al.
1994). The mutagenic potential of oxidized AP sites versus regular AP sites is
not known. Two ring fragmentation products of thymine, urea and f-ureidoiso-
butyric acid, which can be regarded as noninstructive modifications similar
to AP sites, have recently been shown to code for cytosine and adenine,
respectively, in a single-stranded vector replicated in SOS-induced E. coli
cells (Maccabee et al. 1994).

3 Oxidative DNA Damage Profiles In Vitro and Their Consequences

The damage profile gives the (absolute or relative) extents to which various
types of modification are formed in DNA. On the assumption that different
ROS (e.g., hydroxyl radicals and singlet oxygen) generate different types of
modification or at least different ratios of common modifications, a damage
profile can serve as a fingerprint of the ultimate (i.e., directly) DNA damaging
species. Provided that the mutagenic potentials of the most relevant defined
oxidative DNA modifications are known, the damage profile can in principle
also be used to calculate an overall mutagenic risk. Last, but not least, it may
often be more appropriate to correlate defined DNA damage profiles with their
mutagenic consequences than to do that for defined modifications.
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Table 1. Recognition of oxidative DNA modifications by repair endonucleases®

Repair Gene Recognition spectrum
endonuclease locus

Sites ofb base loss (AP sites) Base modifications
regular® 1’-oxid® 4’-oxid¢

Fpg protein hjg4 + - + 8-0x0G®, Fapy’
Endonuclease Il nth + - + 5,6-dihydropyrimidines; hyd®
T4 endonuclease V. denV + - + Py<>Phh

Endonuclease IV nfo + + + —

Exonuclease III xth + - 5 —

% See Friedberg (1985); Wallace (1988); Lindahl (1990); Boiteux (1993); Tchou et al.
(1994); Hiring et al (1994); Demple and Harrison (1995). At very high enzyme concen-
trations, additional modifications can be incised (Hatahet et al. 1994).

® Unmodified desoxyribose moiety.

¢ Desoxyribose oxidized in the 1’ position.

4 Desoxyribose oxidized in the 4’ position.

€ 7,8-Dihydro-8-oxoguanine (8-hydroxyguanine).

f Formamidopyrimidines (imidazole ring-opened purines).

& 5.Hydroxy-5-methylhydantoin.

" Cyclobutane pyrimidine photodimers.

! Recognition requires high enzyme concentrations (200 U/ml).

Few DNA damage profiles have been described so far since many tech-
niques allow the quantification of only one type of modification and it is
difficult to combine the results from different assay systems. Two tech-
niques are particularly suitable for quantifying several types of oxidative
DNA modifications in parallel: gas chromatography coupled with mass
spectrometry in the selected ion-monitoring mode (GC/MS/SIM) can deter-
mine a large number of base modifications and also DNA-protein cross-links
(Dizdaroglu 1992; 1994). In the second technique, the recognition of oxida-
tive DNA modifications by purified repair endonucleases is exploited to
quantify various types of modification (Epe et al. 1993a; Epe and Hegler
1994). The repair endonucleases incise the DNA at the substrate modifica-
tions, generating single-strand breaks. These breaks can be detected and
quantified with high sensitivity by a variety of techniques, e.g., the alkaline
elution assay (for nuclear DNA of mammalian cells) or the relaxation assay
(for supercoiled mitochondrial DNA or plasmids). The number of single-
strand breaks generated directly by the damaging agent is obtained in all
cases from tests without repair endonucleases. Thus, several types of base
modification, regular and oxidized AP sites and single-strand breaks can be
determined in parallel. A major limitation of the assay is the relatively broad
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(and not completely established) substrate specificity of some repair endo-
nucleases (Table 1). The methods described above can complement each
other when DNA base modifications excised by repair endonucleases are
analyzed by GC/MS/SIM (Dizdaroglu et al. 1993). It is very likely that other
newly developed techniques, e.g., HPLC coupled with thermospray mass
spectrometry and ~“P postlabeling methods will also allow determination
DNA damage profiles in the near future (Cadet and Weinfeld 1993).

In the following paragraphs, DNA damage profiles induced by ROS that
react directly with DNA will be discussed. For each damage profile, our .
knowledge of its mutagenic consequences will be summarized. Then, data
on the occurrence in vivo of the various damage profiles will be discussed.

3.1 The DNA Damage Profile Induced by Hydroxy! Radicals

Hydroxyl radicals are considered to be the most reactive ROS. A DNA
damage profile generated by the direct action of hydroxyl radicals is ob-
tained by exposure of DNA (in diluted solution) to ionizing radiation in the
presence of oxygen or N2O (von Sonntag 1987). Under these conditions the
GC/MS/SIM technique revealed the formation of many types of base modi-
fications (Fuciarelli et al. 1990; Dizdaroglu et al. 1993). Purine derivatives
were approximately twice as frequent as pyrimidine derivatives. 8-OxoG
was the most frequent modification; 4,6-diamino-5-formamidopyrimidine
(Fapy-Ade), 2,6-diamino-4-hydroxy-5-formamidopyrimidine (Fapy-Gua) and
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2 2
2 73 8-ox0G
< 607 {1 FapyG
2 M 8-ox0A
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Fig. 3. DNA damage profile determined by GC/MS/SIM in DNA exposed to ionizing radia-
tion (55 Gy; DNA concentration .25 mg/ml) in aerated phosphate buffer pH 7.4(8-0x0G,
8-hydroxyguanine; FapyG, 2,6-diamino-4-hydroxy-5-formamidopyrimidine; 8-0x0A, 8-hy-
droxyadenine; FapyA, 4,6-diamino-5-formamidopyrimidine; 5-OHCyt, 5-hydroxycytosine;
5-OHUra, 5-hydroxyuracil). 5-OHCyt, 5-OHUra and uracil glycol are (in part) artifacts
generated from cytosine glycol during the experimental procedure. Data are taken from
Dizdaroglu et al. 1993
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Fig. 4. DNA damage profiles determined by means of repair endonucleases in DNA ex-
posed in phosphate buffer to the following oxidizing agents: 4, 1omzmg radiation (20 Gy),
b N-hydroxy-2-thiopyridone (2-HTP) (1 mM) plus llght (225 kI/m?), ¢ NDPO; (3.5 mM in
D-0 buffer), d acetone (2.6 M) plus uv¥? (8 6 J/m? } and e NaOCl (28 mM) Data are taken
from Epe et al. (1993a,b,c; and unpublished results in the case of 2-HTP and NaOCI)

thymine glycol were each found at approximately one third of the level of
8-0x0G (Fig. 3). The analysis by repair endonucleases (Fig. 4) revealed a 2:1
ratio of single-strand breaks and AP sites (recognized by endonuclease I'V or
exonuclease III from E. coli). Oxidative purine modifications such as 8-
0x0G, Fapy-Gua and Fapy-Ade that are recognized by Fpg protein were
formed at a level similar to that of AP sites, while oxidative pyrimidine
modifications recognized by endonuclease III (thymine glycol and other
5,6-dihydropyrimidine derivatives) were not more than half as frequent, in
agreement with the results obtained by GC/MS/SIM. By means of the
different potentials of various repair enzymes to recognize regular and
oxidized AP sites it was shown that both regular and 1’-oxidized AP sites
represent only a minor fraction of the AP sites induced by hydroxyl radicals;
4’-oxidized AP sites therefore are most probably dominant (Hiring et al.
1994).

As well as by ionizing radiation, hydroxyl radlcals are generated in the
reaction of reduced transition metal ions (Fe , Cu™) with H2O2 (Fenton
reaction). Superoxide not only generates H2O2 spontaneously or enzymati-
cally (dismutation) but also reduces Fe>" to Fe“* so that it gives rise to the
formatlon of hydroxyl radicals in the presence of catalytic amounts of Fe™*
or Fe>*. The damage profile obtained after treatment of DNA with super-
oxide in the presence of Fe? -ethylenedlamlnetetraacetlc acid (EDTA) or
other agents that generate hydroxyl radicals via the Fenton reaction did not
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differ significantly from that obtained after exposure to ionizing radiation,
according to damage analysis both by GC/MS/SIM (Aruoma et al. 1989a,b)
and by repair endonucleases (Epe et al. 1993a). This result was not necessarily
expected since the generation of hydroxyl radicals from H202 involves the
formation of reactive 1ntermed1ates such as a peroxo complex FeH(OOH)
and an iron(IV)oxo complex (FeO ™) which could induce a spectrum of
modifications different from that induced by hydroxyl radicals (Wink et al.
1994). Furthermore, the Fenton reaction may involve metal ions bound to
DNA and therefore the hydroxyl radicals attack DNA from a steric orienta-
tion different from that observed with "free" hydroxyl radicals. Indeed, the
Fenton-analogous reaction of a copper-phenanthroline complex in the
presence of HoO2 apparently gave rise to a damage profile that significantly
differed from that observed with free hydroxyl radicals. It was characterized
by a high number of AP sites oxidized at C-1’ (Haring et al. 1994).

Another interesting source of hydroxyl radicals is the photoinduced de-
composition of certain hydroperoxides and N-oxides ("photo-Fenton rea-
gents"; Saito 1992; Hess and Dix 1992). As expected, the DNA damage
profiles induced upon illumination of certain furocoumarin hydroperoxides
(Epe et al. 1993b) or of N-hydroxy-2-thiopyridone in the presence of DNA
were very similar to the damage profile induced by ionizing radiation
(Fig. 4).

The mutagenic consequences associated with the DNA damage spectrum
induced by hydroxyl radicals can be studied when DNA after exposure to
hydroxyl radicals under cell-free conditions is allowed to replicate in host
cells. In a double-stranded vector (pZ189) modified by Fe-EDTA plus H2O2
and propagated in simian LV-1 cells, several types of mutations were ob-
served, including a relatively high number of small deletions and base
substitutions at A:T sites (Moraes et al. 1989). In another system, however,
G:C—>A:T transitions and G:C—T:A transversions were observed with
highest incidence, in addition to deletions (Akman et al. 1991). In a single-
stranded vector replicated in bacteria, G—C transversion and C—T transi-
tions were most frequent (McBride et al. 1991). As described above, DNA
strand breaks could be responsible for the formation of the deletions, while
deamination of 5,6-dihydrocytosines or the specific mispairing of 5-hydrox-
ycytosine with adenine (Feig et al. 1994) could explain the G:C—A:T
transitions. The formation of G:C—T:A transversions could indicate that
8-0x0G contributes to the mutagenicity of hydroxyl radicals as well. When
hydroxyl radicals were generated by ionizing radiation rather than by a
Fenton reaction, G:C—T:A transitions were observed again with the highest
incidence (Waters et al. 1991). Also in bacteria, deletions and substitutions
at G:C sites were more frequent than substitutions at T:A sites. The type of
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substitution at G:C, however, was quite variable and sequence dependent
and included many G:C to C:G transversions (Retel et al. 1993).

3.2 The DNA Damage Profile Induced by Singlet Oxygen

Singlet oxygen, the lowest excited state of molecular oxygen, can be gener-
ated both in photoreactions and in dark reactions. Typically in the former
case, light absorption by a so-called photosensitizer molecule is followed by
an energy transfer reaction of the excited photosensitizer with molecular
oxygen (type II reaction). The transfer reaction with oxygen is very efficent
and often competes favorably with reactions of the photosensitizer with
other molecules, including DNA, which are called type I reactions. Among
the dark reactions, the formations of singlet oxygen from peroxy radicals
(Russell mechanism) and from hypochlorite and peroxynitrite plus H2O» are
well-established and of potential biological significance under conditions of
oxidative stress, in particular during inflammation (Sies 1986, 1991; Naqui
et al. 1986; Kanofsky 1989; Di Mascio et al. 1994).

In phosphate buffer containing 10 mg/ml DNA, singlet oxygen is approxi-
mately 1000-fold less reactive with DNA than are hydroxyl radicals (Epe et
al. 1988). Therefore, the reaction is much more selective. Accordingly, the
DNA damage profile induced by singlet oxygen is quite different from that
caused by hydroxyl radicals (Miiller et al. 1990) (Fig. 4). Guanine modifica-
tions (sensitive to Fpg protein) are generated in high excess of single-strand
breaks, AP sites and pyrimidine modifications sensitive to endonuclease I1I.
Analysis by GC/MS/SIM supports the assumption that most of the Fpg-sen-
sitive guanine modifications are actually 8-oxoG (Boiteux et al. 1992),
although the formation of so far unknown guanine modifications that are
also sensitive to Fpg protein is difficult to exclude. The spectrum of muta-
tions that is observed when singlet oxygen-modified DNA is replicated in
bacteria or mammalian host cells is in agreement with the assumption that
singlet oxygen generates predominantly 8-oxoG: as expected from the
known miscoding properties of 8-oxoG (see above), G:C—T:A transver-
sions were the most frequent type of mutation, no matter whether NDPO2,
which is a chemical source of singlet oxygen (DiMascio and Sies 1989), or
type II photosensitizers were used to damage DNA (Decuyper-Debergh et
al. 1987; McBride et al. 1992; Costa de Oliveira et al. 1992; Tudek et al.
1993; Retel et al. 1993). The mechanism of 8-0xoG formation in DNA by
singlet oxygen is not completely understood. Interestingly, the reaction of
deoxyguanosine as an isolated nucleoside with singlet oxygen gives rise to
quite different modifications, in particular the formation of 4,8-dihydro-4-
hydroxy-8-oxo-deoxyguanosine (Cadet et al. 1986).
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3.3 DNA Damage Profiles Induced by Other Excited-State Species

Several photosensitizers that modify DNA not via singlet oxygen, but in a
direct (type I) reaction, gave rise to a DNA damage profile very similar to
that induced by singlet oxygen, i.e., 8-0x0G is formed in high excess of
single-strand breaks, AP sites and other base modifications (Epe et al.
1993c,d). The reaction most probably proceeds via a one-electron-transfer or
hydrogen abstraction from DNA, and the selective modification of guanine
is in agreement with the fact that this is the most easily oxidized base
(Steenken 1989). '

The formation of 8-0x0G by electron transfer or hydrogen abstraction
from DNA also takes place with excited carbonyl species such as triplet
acetone (Epe et al. 1993d), which are potential secondary products during
lipid oxidation (Sies 1986). The excitation energy of these species is high
enough to allow energy transfer to thymine residues as well, and therefore
the damage profile consists of pyrimidine photodimers at levels greater than
those of 8-0x0G (Fig. 4). It is not yet known whether the mutation spectrum
associated with this kind of damage is of the type characteristic for 8-0xoG
or for pyrimidine dimers. The question is of some interest since the forma-
tion of both pyrimidine dimers and 8-0xoG is also expected in the case of
cellular DNA damage by solar radiation in the UVB range of the spectrum
(see below).

3.4 DNA Damage Profiles Induced by H2O2 and Superoxide

H203 and superoxide are primary products during oxidative stress, i.e., they
are generated directly in many enzymatic and nonenzymatic reactions of
molecular oxygen in the cells (Halliwell and Gutteridge 1989). However, it
is often assumed that they do not react directly with DNA. Indeed, DNA
damage observed after exposure to superoxide was inhibited by iron chela-
tors and therefore most probably was mediated by traces of iron present in
the incubation medium (Fenton reaction) (Lesco et al. 1980; Aruoma et al.
1989a). When isolated DNA was treated with H202 alone, none of the
oxidative base modifications described above were detected (Aruoma et al.
1989b) and no mutations were found when DNA exposed to H2O2 under
cell-free conditions was replicated in mammalian cells (Moraes et al. 1989).
On the other hand, the formation of adenine-1-oxide residues in both isolated
and cellular DNA exposed to H202 has been described recently (Mouret et
al. 1990; Cadet et al. 1992). It seems that this modification has little effect on
DNA replication.
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3.5 DNA Damage Profiles Induced by Hypochlorite and Related Species

Hyperchlorite (C1O™) is generally not considered to be a ROS, but is gener-
ated together with ROS by the oxidative burst of activated leukocytes
(Halliwell and Gutteridge 1989). DNA damage by hypochlorite therefore
could play a role during inflammation and other reactions involving the
immune system.

The DNA damage profile determined with repair endonucleases after
exposure of isolated DNA to hypochlorite is shown in Fig. 4. The profile is
of the same type as that observed after exposure to singlet oxygen or type 1
photosensitizers, i.e., base modifications sensitive to Fpg protein (most
probably 8-0x0G), are formed in high excess of single-strand breaks, AP
sites, and other modifications that are characteristic for the DNA damage by
hydroxyl radicals. The same type of damage profile is also observed when
DNA is exposed to bromate (BrO3") in the presence of the reduced form of
glutathione (GSH) as reducing agent. As concluded from the effects of
radical scavengers, D20 and other agents, bromine radicals (Br®) or oxidized
bromine radicals (BrO®, BrO2") are likely to be the ultimate species respon-
sible for the DNA damage. The results suggest that DNA damage profiles
dominated by 8-0x0G residues are frequently observed when DNA is at-
tacked by mildly oxidizing species and that modifications at other sites in the
DNA (strand breaks, AP sites, pyrimidine modifications) are formed in
higher yields only with very reactive radicals such as hydroxyl radicals.
Further DNA damage profiles have to be determined to confirm this assump-
tion.

3.6 DNA Damage Profiles Induced by Other ROS

DNA damage profiles that could be assigned to the ultimate action of alkoxy
radicals (RO®) or peroxy radicals (ROO®) have not yet been described.
Peroxy radicals are formed during lipid peroxidation. They have relatively
long half-lives (possibly of the order of seconds), but is is not known
whether they react directly with DNA under physiologically relevant condi-
tions (Marnett 1987). Alkoxy radicals are more reactive (Gray and Williams
1959) and should be able to abstract hydrogen atoms from DNA. They can
be formed in the reduction of (lipid) peroxides by transition metals in a
Fenton-analogous reaction. Indeed, the production of tert-butoxy radicals
from tert-butylhydroperoxide in rat liver mitochondria has been reported
(Kennedy et al. 1992).
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Nitric oxide (NO), although not a classical ROS, has received much
interest as a damaging species since its endogenous production from-ar-
ginine by NO synthetases was discovered in 1987 (reviewed by Bredt and
Snyder 1994). The reaction of NO with DNA is expected to result in a
deamination of the DNA bases adenine, guanine and cytosine and — as a
consequence — in transition mutations. Indeed, C—T transitions were ob-
served in Salmonella strains treated with NO-releasing compounds and
transitions at both G:C and A:T sites in a shuttle vector treated with nitric
oxide under cell-free conditions and replicated in mammalian cells or E.
coli. (Wink et al. 1991; Routledge et al. 1993).

Peroxynitrite (ONOQ") is efficiently generated from NO and superoxide;
it decomposes spontaneously into hydroxyl radicals and nitric dioxide
(NO3). The DNA damage profiles for the various nitric oxides still have to
be determined.

4 Cellular Oxidative DNA Damage Profiles

Various types of oxidative DNA modifications have been detected in cellu-
lar DNA, and there is no doubt that oxidative DNA damage takes place
inside cells. However, the species directly responsible for the oxidative
DNA damage in the cells and therefore the damage spectrum is unknown for
most conditions of oxidative stress. The major problem comes from the fact
that in a cellular environment the various ROS can be converted into one
another by a number of reactions and the formation of one type of species
will trigger the generation of many others. An excited photosensitizer mole-
cule, for example, can not only damage DNA directly or via singlet oxygen
as under cell-free conditions, but can also give rise to the generation of
hydroxyl radicals in a Fenton reaction, since superoxide and HO7 are
by-products in photosensitization reactions and transition metals are present
in all cells. Yet another possibility is the ultimate DNA damage by cellular
nucleases which may be activated by a release of Ca** from intracellular
stores as a result of membrane damage by ROS (Cantoni et al. 1989;
Halliwell and Aruoma 1991; Weis et al. 1994; Zhivotovsky et al. 1994). As
described above, cellular DNA damage profiles not only give quantitative
information about certain types of oxidative DNA modifications, but can
also help to identify the DNA damaging mechanisms and species that are
actually relevant under given conditions of oxidative stress.
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Fig. 5. DNA damage profiles determined by means of repair endonucleases in cultured
mammalian cells exposed to the following oxidizing agents: a visible light (450 KI/im?,
measured between 400 and 800 nm) at 0°C, b H207 (500 mM) at 0°C, ¢ ionizing radiation
(3 Gy) at 0°C and d potassium bromate (7.5 mM) 15 min at 37°C. Data are taken from Pflaum
et al. 1994, Epe and Hegler 1994, Ballmaier and Epe 1995 and unpublished results (ionizing
radiation)

4.1 Cellular DNA Damage Profiles Induced by Endogenous
and Xenobiotic Photosensitizers

Cellular constituents such as flavins and porphyrins absorb light and UV
radiation and are potential photosensitizers, i.e., the life times of the excited
states of the molecules are long enough for them to react with oxygen (type
11 reaction, generating singlet oxygen and superoxide) or directly with DNA
(type 1 reaction). The DNA damage profile that was revealed by repair
endonucleases when L1210 mouse leukemia cells were illuminated with
visible light (400-500 nm) at 0°C is shown in Fig. 5. It is of the same type as
that observed under cell-free conditions after reaction of DNA with singlet
oxygen or type I photosensitizers, i.e., Fpg-sensitive base modifications
(probably 8-0x0G) are generated in high excess of strand breaks, AP sites
and endonuclease III-sensitive pyrimidine modifications. This indicates that
the cellular DNA damage is not induced by hydroxyl radicals or cellular
nucleases (which would generate a much higher relative number of DNA
strand breaks), but most probably results from a direct reaction of DNA with
an excited photosensitizer or with singlet oxygen. The result predicts that
mutations characteristic for 8-0xoG are induced by visible light. The number
of mutations to be expected from the level of damage shown in Fig. 5,
however, is quite low: a mutation frequency of 1% at Fpg-sensitive modifi-
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cations (8-0xoG) (Cheng et al. 1992) would generate only 30 genotype
mutations per genome (3 x10” bp).

DNA damage profiles similar to that described above were observed
when mammalian cells were illuminated in the presence of photosensitizers
such as acridine orange (Epe et al. 1993c). The conclusion that here too
hydroxyl radical are not responsible for the DNA damage is supported by an
analysis of the types of chromosomal aberrations induced under these condi-
tions in Syrian hamster embryo cells (Uggla 1990). The treatment of cells
with very high doses of light in the presence of lipophilic photosensitizers
which localize in the membrane gave rise to a nonrandom distribution of
DNA strand breaks (Kvam et al. 1992). The results were considered to
demonstrate that the diffusion path of singlet oxygen generated in the nuclear
membrane is limited. However, the results could also indicate that Ca’*-
dependent nucleases are activated at such high doses and induce DNA
fragmentation similar to that observed in apoptosis (Agarwal et al. 1993).

4.2 Cellular DNA Damage Profiles Induced by Peroxides

The spectra of DNA base modifications detected by GC/MS/SIM in mam-
malian cells exposed to H2O2 (Dizdaroglu 1992) or tert-butanol (Altman et
al. 1994) both resembled that induced by H202 in the presence of Fenton
catalysts under cell-free conditions (Aruoma et al. 1989b). These results
support the suggestion that the cellular DNA damage is caused by hydroxyl
radicals in both cases. The damage profile obtained by means of repair
endonucleases when L1210 cells were exposed to H2O32 at 0°C (to exclude
DNA repair) led to the same conclusion (Epe and Hegler 1994; Fig. 5):
similar amounts of DNA single-strand breaks and Fpg sensitive modifica-
tions were detected, as was the case in the cell-free damage profiles at-
tributed to the reaction of DNA with hydroxyl radicals. The relatively low
number of AP sites in the cellular damage profile may be a consequence of
the alkaline assay conditions, which convert oxidized AP sites into strand
breaks. The damage profile supports the proposal that the cellular DNA
damage caused by H2O3 is mediated by a Fenton reaction, in agreement with
earlier suggestions (Meneghini 1988). An activation of intracellular endonu-
cleases is not an important mechanism at 0°C. It probably plays a role only
at 37°C, as has been suggested earlier (Cantoni et al. 1989).

The involvement (not necessarily the ultimate responsibility) of hydroxyl
radicals in the cellular DNA damage caused by H2O2 was previously concluded
from findings that H2Oz-induced strand breaks in CHO cells (Cantoni et al.
1989) and mutations in V79 cells (Nassi-Calo et al. 1989) can be prevented by
1,10-phenanthroline, which inhibits an intracellular Fenton reaction.
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4.3 Cellular DNA Damage Profiles Induced by Ionizing Radiation

The spectrum of DNA base modification characteristic for hydroxyl radicals
was also found in y-irradiated mammalian cells (von Sonntag 1987; Halli-
well and Aruoma 1991; Nackerdien et al. 1992), in aggreement with the
earlier suggestions based on results obtained with radical scavengers that
approximately 70% of the cellular DNA damage induced by y-irradiation is
mediated by hydroxyl radicals (Roots and Okada 1975). Analysis of the
cellular DNA damage by means of repair endonucleases confirmed that
result (Fig. 5): the ratio of single-strand breaks and Fpg-sensitive modifica-
tions in cells treated with y-rays (3 Gy) was similar to that in the cells treated
with H202 at 0°C. This would predict that the mutation spectrum induced by
ionizing radiation in cells would be similar to that induced by H202. How-
ever, exposure to H2O7 generates exclusively chromatid-type (S-phase de-
pendent) aberrations, while ionizing radiation gives rise to chromosome-
type aberrations as well (Duell et al. 1995). For gene mutations the results
are less clear. The treatment of mammalian cells transfected with the shuttle
vector pZ189 with H202 gave rise to deletions and base substitutions at G:C
pairs, which were predominantly G:C — T:A transitions (Moraes et al.
1990). This is the same type of mutation spectrum that is observed in various
shuttle vectors exposed under cell-free conditions to hydroxyl radicals (see
above). Somewhat conflicting results, however, were observed for mamma-
lian cells exposed to ionizing radiation, while a high incidence of transver-
sions at A:T sites was reported in some studies (Kimura et al. 1993; Yuan et
al. 1995), substitutions at G:C sites were more frequent in others (Nelson et
al. 1994; Giver et al. 1995).

4.4 Cellular DNA Damage Profiles Induced by Potassium Bromate

Potassium bromate is a renal carcinogen in rodents (Kurokawa et al. 1990)
Increased levels of 8-0xoG were observed in kidney DNA from the treated
animals (Kasai et al. 1987). The cellular DNA damage profile was measured by
means of repair endonucleases after exposure of LLC-PK1 porcine kidney cells
(Ballmaier and Epe 1995) (Fig. 5). Interestingly, it was not of the type charac-
teristic for hydroxyl radicals, but resembled that observed in DNA exposed under
cell-free conditions to bromate in the presence of GSH. This indicates that the
cellular DNA damage caused by bromate is produced by the same species that is
responsible for the cell-free DNA damage seen in the presence of GSH. Indeed,
the cellular DNA damage caused by bromate is inhibited in GSH-depleted cells.
Besides excited photosensitizers, bromate is therefore a second type of agent
that apparently induces 8-0xoG formation in cells quite selectively.
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4.5 Spontaneous Oxidative DNA Damage in Cells

Both the type and the extent of oxidative DNA damage induced in cells by
normal oxygen metabolism are of particular interest. The steady-state levels
of the various oxidative DNA modifications in repair-proficient cells, how-
ever, cannot be used as a fingerprint of the ultimate damaging species, since
under steady-state conditions the genuine damage profile is modified by the
different rates of DNA repair. Therefore, direct information about the
species or mechanism(s) relevant for spontaneous oxidative DNA damage
cannot be obtained from the damage profiles.

Steady-state levels of 8-0xoG in DNA from mammalian cells have been
frequently determined in various types of cells by means of GC/MS/SIM and in
particular HPLC/electrochemical detection (ECD). It has been demonstrated
that values determined by GC/MS/SIM are often too high due to artifactual
generation of 8-0x0G from guanine during the derivatization reaction (Ravanat
et al. 1995). Values determined by HPLC/ECD are usually between 2>< 10 and
10x107 8-0x0G residues per bp (Table 2). Values as low as 5x10™ 7 8-0x0G
residues per bp were obtained by means of Fpg protein and the alkaline elution
technique (Pflaum et al. 1994). The apparent discrepancies remain to be re-
solved. So far, neither an underestimation of Fpg-sensitive modifications by the
alkaline elution technique nor an artifactual formation of 9-oxoG during cell
lysis and work-up procedures for HPLC analysis can be excluded. Assuming an
average mutation frequency of 1% at 8-0xoG residues (Cheng et al. 1992), a
steady-state level of 107 8-0x0G residues per bp would resultin 107" mutations
per bp per generation. This high value is difficult to reconcﬂe with total

"spontaneous" mutation frequencies of only approximately 10 /bp, which
have been estimated.

Table 2. Steady state levels of 8-0x0G determined in rat liver DNA by means of HPLC and
electrochemical detection

8-0x0G / 106bp Reference

105+4 Fraga et al. (1994)
5.3%4.5 Mizumoto et al. (1994)
3 Umegaki et al. (1993)
58104 Wagner et al. (1992)
6 2 Conway et al. (1991)

20 6 Denda et al. (1991)

37 %5 Hinrichsen et al. (1990)

40 Hegi et al. (1990)

HPLC, High-performance liquid chromatography.
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5 Conclusions

It is obvious that our present knowledge of oxidative DNA damage and its
consequences does not allow estimation of the (additional) risk of cancer or
other diseases that results from a given level of oxidative DNA modifica-
tions in the cells. Risk assessment not only requires establishment of the
mutagenic risk associated with oxidative DNA damage, but also knowledge
of which types of mutation in nuclear or mitochondrial DNA (base substitu-
tions, deletions or chromosomal mutations) are most relevant for a particular
health risk. The data described above indicate, however, that our knowledge
of both the types and the extent of oxidative DNA damage has increased
considerably in recent years. Two major types of oxidative DNA damage
apparently prevail both in cells and under cell-free conditions: while hy-
droxyl radicals give rise to a complex damage profile, mild (less reactive)
agents such as singlet oxygen or hypochlorite seem to induce mostly 8-0xoG
and only few pyrimidine modifications, AP sites, and strand breaks. The
observation that a number of different species ultimately induces the same
type of damage suggests that the determination of damage profiles is a
valuable step in the investigation of oxidative DNA damage and its conse-
quences.

Both hydroxyl radicals and singlet oxygen seem to induce similar damage
profiles in cells and under cell-free conditions. Apparently, the differences in
the reaction conditions [e.g., in ion concentrations, the presence of various
proteins, the oxygen concentration (Joenje 1989) and the degree of DNA
supercoiling] have only a moderate influence on the damage profiles.
Although this may not hold true for all types of modification, it allows the
use of DNA damage profiles as fingerprints in the identification of the
ultimate DNA damaging species.

It is now well established that ROS are not only genotoxic, but also
modulate gene expression via activation of transcription factors such as
NF-xB and AP-1 and influence second messengers such as Ca? * (Abate et
al. 1990; Schreck et al. 1991; Remacle et al. 1995). These "epigenetic”
effects could be relevant for the development of cancer, degenerative dis-
eases, and aging as well as the genotoxic effects discussed above. This is
best indicated by the long-established tumor-promoting activity of ROS
(Zimmerman and Cerutti 1984; Troll and Wiesner 1985; Cerutti 1985). The
relative relevance of the two modes of action of ROS for the various adverse
effects is not known. Again, the determination of DNA damage profiles may
help to distiguish between the genotoxic and epigenetic effects and provide
some of the information required to understand the consequences of a
normal or enhanced generation of ROS in cells and tissues.
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1 Introduction

Changes in the electrical potential of the plasma membrane accompany
synaptic transmission and axonal conduction and constitute the elements of
rapid signaling in the nervous system. Such signals are transmitted via
transmembrane ionic fluxes and, depending on whether they involve the
activity of ion channels alone or include the operation of second messenger
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systems, require milliseconds to seconds and minutes. Ionic fluxes also have
long-term consequences, affecting the biochemistry of nerve and effector
cells over periods of hours and days. Compared to the mechanisms that
mediate fast information processing, still very little is known about the
processes underlying activity-dependent long-term or adaptive changes. It
has long been suspected that plastic changes of excitable cells that are caused
by changes in electrical membrane activity must involve alterations in gene
expression (Goelet et al. 1986; Black et al. 1987; Curran and Morgan 1987);
more specifically, the activity-controlled epigenetic flexibility of the neuro-
nal phenotype has been attributed to the selection of one of several cellular
programs characterized by different rates of transcription of specific subsets
of genes (Laufer and Changeux 1989). Advances in the methodology of
signal transduction research and of gene activity measurements have vindi-
cated this view. While previously changes in protein composition, enzyme
activities, and physiological properties could be measured and monitored in
response to electrical activity, it has now become possible to infer transcrip-
tional control from manipulations of promoters and quantification of mess-
age levels or even to measure gene activities directly; in addition, the use of
transgenic animals and the generation of transgenic tissues have become
more widespread, and research in intracellular messengers and signaling
cascades involving kinases has progressed rapidly.

There is, accordingly, a large and growing literature on how depolariza-
tion affects the structure, function, and development of excitable cells.
Evidence is accumulating for the electrical activity-driven regulation of
genes coding for proteins involved in synaptic transmission and functional
maturation of the nervous system. These include, but are not limited to,
enzymes of neurotransmitter biosynthesis and metabolism, such as tyrosine
hydroxylase (Kilbourne et al. 1992) and glutamate decarboxylase (Feldblum
et al. 1990); receptors for neurotransmitters, including glutamate receptors
(Gall et al. 1990; Bessho et al. 1994) and nicotinic receptors in skeletal
muscle (this review); voltage-gated ion channels such as the Kv1.2 and
Kv4.2 potassium channels (Tsaur et al. 1992); trophic factors such as nerve
growth factor (NGF; Lu et al. 1991) and brain-derived neurotrophic factor
(BDNF; Isackson et al. 1991; Ghosh et al. 1994a) and their receptors
(p140trk; Birren et al. 1992); and neuropeptides such as proenkephalin
(Morris et al. 1988; MacArthur et al. 1993), prodynorphin (Morris et al.
1988), vasoactive intestinal peptide (Adler and Fink 1993), gastrin (Brand
and Wang 1988), and neuropeptide Y (Higuchi et al. 1990). In addition,
electrical activity influences more complex intercellular interactions, such as
neural sprouting, long-term potentiation and depression, morphological
changes, maturation of pathways, and map refinement and rearrangement
(Constantine-Paton et al. 1990). Although in these instances molecular
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mechanisms are largely unknown, it is plausible that proteins such as tissue
plasminogen activator, induced as an immediate-early gene (IEG) in various
activation paradigms (Qian et al. 1993), and neural cell adhesion molecule
(N-CAM), upregulated by denervation in skeletal muscle (Covault et al.
1986), participate in remodeling processes.

No attempt will be made in this review to cover this entire literature.
Instead, the focus will be on two intensively studied paradigms of the
coupling of membrane depolarization and gene activity: (1) the regulation of
the proto-oncogene c-fos in neurons and (2) the control of genes coding for
subunits of the acetylcholine receptor (AChR) in skeletal muscle. At the
same time the emphasis will be shifted to the intracellular signaling cascades
involved. These two examples were selected not only for their physiological
relevance, but also for the relative abundance of currently available informa-
tion. The expectation is that at least some of the observations made in these
systems will shed light on other cases of depolarization-transcription coup-
ling.

2 Depolarization-Dependent c-fos Stimulation in Neurons:
Actuation of a Transcriptional "On" Switch

2.1 Neuronal Activity and Immediate-Early Genes

Stimulation of neurons with neurotransmitters and neuromodulators causes
changes in gene expression that are critical for neuronal survival, differentia-
tion, and the plasticity, particularly of chemical and electrical excitability, of
mature neuronal cells (Black et al. 1987; Morgan et al. 1987). Much of the
early work on the signaling pathway connecting the plasma membrane and
gene activation was devoted to a class of genes designated "immediate-early
genes" (IEG). Characteristically, these genes are expressed at low levels in
quiescent cells and upon stimulation are induced rapidly, transiently, and
independently of protein synthesis. Many IEG are thought to encode nuclear
proteins that govern genomic responses to extracellular stimuli by coordinat-
ing expression of downstream genes. These late-onset or late-response genes
are induced and repressed more slowly, and they differ mechanistically from
IEG in that their response depends on new protein synthesis (Curran and
Morgan 1987). IEG were first identified as genes that are rapidly and
transiently activated when quiescent fibroblasts are stimulated with serum or
growth factors to reenter the cell cycle (Greenberg and Ziff 1984). In the
nervous system several IEG have been identified and analyzed; they include
the following: c-fos (the fos proto-oncogene) and its dimerization partner
c-jun; jun-B and jun-D, which also dimerize with c-fos and fos-related
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factors; and zif/268, a transcription factor containing zinc finger motifs, and
proteins related to the steroid receptor family members nur77 and nurrl (for
review of IEG in the nervous system, see Sheng and Greenberg 1990;
Morgan and Curran 1991).

2.2 Neuronal Activation Induces c-fos Transcription

Among the IEG present in the nervous system, c-fos has been most tho-
roughly studied. Its protein product Fos, a nuclear 62-kDa phosphoprotein,
and similar factors (fra, fos-related antigens) form heterodimers with mem-
bers of the Jun protein family (c-Jun, Jun-B, Jun-D). These complexes are
held together by a leucine zipper (Landschulz et al. 1988) and, on binding to
an activating protein (AP)-1 site (consensus, TGACTCA), activate target
genes (for review see Morgan and Curran 1991). In the nervous system,
potential examples of target genes downstream of c-fos include proenke-
phalin (Sonnenberg et al. 1989¢) and genes responsible for the apoptotic
program (Smeyne et al. 1993). Much of the work on c-fos activation in
neurons was done with rat pheochromocytoma PC12 cells, which upon
treatment with NGF acquire a sympathetic neuron-like phenotype. Treat-
ment with NGF not only induces neuronal differentiation, but also stimu-
lates, within minutes, c-fos transcription by over 100-fold (Greenberg et al.
1985; Kruijer et al. 1985). Initially the expression of the gene was analyzed
by measuring levels of the Fos protein, which is present at low levels in
unstimulated cells. Due to the short half-life of the protein (about 2 h; Miiller et
al. 1984), the rapid turnover of the mRNA coding for it (half-life, 10-15 min;
Sheng and Greenberg 1990), and the transient nature of gene activation (onset
of activity within 5 min and duration of about 15 min; Greenberg et al. 1985),
the amount of protein reasonably well reflects the activity of the gene. For
the same reasons, the steady state level of c-fos mRNA is an even better
indicator of gene activity. To directly demonstrate increased rates of tran-
scription nuclear run-on or transcript elongation experiments are necessary;
using such assays, it was shown that changes in mRNA levels in response to
depolarization, calcium ionophores, and barium ions are a result of transcrip-
tional activation (Sheng et al. 1988). In addition, the profound and well-
documented effects of promoter manipulation in transfection protocols
strongly suggest that c-fos regulation occurs at least in part at the transcrip-
tional level. The transient nature of the activation may be related to the
ability of Fos to inhibit its own expression (Morgan and Curran 1991).

The analogy with effects of mitogenic polypeptide growth factors on
fibroblasts prompted studies with nerve cells which led to the conclusion
that in these cells likewise upregulation of c-fos and other IEG is triggered
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by a large number of stimuli. These include the following: agonists of
neurotransmitter receptors such as nicotine (Greenberg et al. 1986), carba-
chol (Smeyne et al. 1992), glutamate (Smeyne et al. 1992; Ghosh et al.
1994b), kainic acid (Sonnenberg et al. 1989b; Smeyne et al. 1992; Lerea and
McNamara 1993), and N-methyl-d-aspartate (NMDA; Lerea and McNamara
1993); neurotrophic and growth factors (other than NGF) such as platelet-
derived growth factor (PDGF; Smeyne et al. 1992), epidermal growth factor
(EGF; Greenberg et al. 1985), and fibroblast growth factor (FGF; Curran and
Morgan 1985; Greenberg et al. 1985); insulin (Greenberg et al. 1985); drugs
that stimulate various intracellular signaling pathways such as phorbol esters
(Greenberg et al. 1985) and cyclic adenosine monophosphate (cAMP) ana-
logues (Greenberg et al. 1985); the calcium ionophore A23187 (Sheng et al.
1988, 1990); the L channel agonist Bay-K8644 (Murphy et al. 1991; Morgan
and Curran 1986); and elevated potassium (Greenberg et al. 1985; Morgan
and Curran 1986; Smeyne et al. 1992).

2.3 c-fos is Stimulated by Depolarization

The most characteristic type of neuronal excitation is membrane depolarization,
which is an integral part of synaptic activation and axonal conduction. It was
therefore important to examine whether depolarization of neuronal cells might
be one of the stimuli to trigger activation of IEG and particularly c-fos. Several
depolarizing agents were shown to cause c-fos activation, among them KCl]
(Greenberg et al. 1985; Morgan and Curran 1986; Bartel et al. 1989; Smeyne et
al. 1992), the sodium channel activator veratridine (Morgan and Curran 1986),
and the calcium mimic barium (Curran and Morgan 1986; Sheng et al. 1988),
while the sodium channel blocker tetrodotoxin antagonized these effects (Mor-
gan and Curran 1986). IEG other than c-fos also have been investigated;
depolarization, in contrast to the action of growth factors, affects c-jun and
zif/268 little, while very strongly activating nur77 (Bartel et al. 1989; Morgan
and Curran 1991) as well as nurrl (Law et al. 1992). In addition to PC12 cells,
primary cortical and hippocampal neurons have been utilized in these investiga-
tions (Bading and Greenberg 1991; Bading et al. 1993). Effects of membrane
activity on c-fos expression have been studied in vivo as well. An elegant
demonstration that c-fos expression is a physiological consequence of neuronal
activity is the appearance of c-fos immunoreactivity in dorsal horn neurons after
peripheral sensory stimulation (Hunt et al. 1987). Direct electrical stimulation
was shown to induce c-fos as well as several other IEG (Dragunow and
Robertson 1987; Sonnenberg et al. 1989a; Wisden et al. 1990). Long-term
potentiation was shown not to induce c-fos, but instead rather specifically to
upregulate zif/268 (Wisden et al. 1990; Qian et al. 1993).
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Curran and Morgan and colleagues, among others, have investigated
chemically induced seizures which are likely to bring about electrical activ-
ity of a large number of neurons (Morgan et al. 1987; Sonnenberg et al.
1989a; Saffen et al. 1988, Watson and Millbrandt 1989). c-fos mRNA as
well as Fos protein transiently appear after seizures with kinetics similar to
those seen in cultured cells, suggesting that the upregulation is likewise
based on gene activation; levels of c-fos mRNA peak between 30 min and
1 h after administration of the convulsant, while Fos protein reaches a
maximum at 1-2 h and then gradually declines. AP-1 binding activity fol-
lows a more protracted time course, a fact that finds its explanation in the
delayed expression of fra (fos-related antigens; Morgan et al. 1987; Sonnen-
berg et al. 1989a). Massive upregulation of c-fos is observed in cortex, basal
ganglia, and the olfactory bulb, with more limited responses seen in other
parts of the brain and very little in non-nervous tissue (lung; Morgan et al.
1987). It is difficult in these experiments to separate the effects of depolari-
zation from secondary synaptic effects due to release of neurotransmitters and
neuromodulators. For instance, the fact that metrazol seizure effects are
largely blocked by amino-phosphonovalerate (APV) and MK-801 (Sonnen-
berg et al. 1989b) suggests that depolarization as such, though undoubtedly
occurring, is less important than the activation of NMDA receptors. Simi-
larly, the effects seen with various kinds of other stimulatory compounds are
not completely separable from the consequences of depolarization; such
compounds may themselves cause depolarization, as in the case of vera-
tridine (Morgan and Curran 1986) and the cholinergic agonist nicotine
(Greenberg et al. 1986; Bartel et al. 1989), or require extracellular calcium,
as in the case of activators of NMDA receptors (Bading et al. 1993; Lerea
and McNamara 1993) or target transcription factors that are also utilized by
depolarization signals, as would be the case with cAMP analogues and
forskolin (Sheng et al. 1990; Liu et al. 1993).

2.4 Cis Elements in the c-fos Regulatory Region

The signals leading to the activation of the c-fos gene ultimately must
impinge on specific cis elements in control regions of the gene. As a result,
the promoter region of this gene has been thoroughly characterized, and
several regulatory elements have been identified. Among these a serum
response element (SRE) at — 310 upstream of the transcription start site
(Treisman 1985) plays a central role in the growth factor-dependent activa-
tion of the gene. From the point of view of depolarization-transcription
coupling, the important motif is the sequence TGACGTTT at — 60, reminis-
cent of the cCAMP reponse element (CRE; Montminy et al. 1986), whose
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consensus sequence is TGACGTCA. The CRE mediates cAMP effects;
since it responds to depolarization and calcium influx as well, it has also
been designated a CaRE (calcium response element; Sheng et al. 1988). The
CRE/CaRE thus has the capacity of integrating signals from both second
messengers (Sheng et al. 1990). CRE-like motifs have been identified in the
regulatory regions of several activity-dependent genes. These include other
IEG; nur77, for example, contains four CRE-like elements (Watson and
Millbrandt 1989). In addition, genes coding for tyrosine hydroxylase (Kim et
al. 1993) and the neuropeptides somatostatin (Montminy et al. 1986), va-
soactive intestinal polypeptide (Tsukuda et al. 1987), and proenkephalin
(Comb et al. 1986) contain CRE (for review of neuropeptide genes, see
Goodman 1990). While early findings (Sheng et al. 1988) suggested that the
SRE is unimportant for calcium activation, later analysis has led to a more
differentiated view. Thus it is now appreciated that CRE-binding protein
(CREB; see below) can bind to at least two sites flanking the SRE, the
sis-inducible elements (SIE) at =340 and the c-fos AP-1/CRE site (FAP) at
—290; these elements contain the CGTCA CREB consensus recognition
sequence (Ginty et al. 1994). In transgenic animals, conservation of the SRE
and the neighboring SIE and FAP elements are crucial for all regulatory
influences, while the CRE/CaRE is essential only for the transmission of the
cAMP signal (Robertson et al. 1994). At any rate there is at present little
evidence that factors which directly interact with the SRE are crucially
involved in the depolarization response.

2.5 Transacting Factors

The CRE is recognized and activated by the transcription factor CREB
(Montminy and Bilezikjian 1987; Sheng et al. 1990), a 43-kDa nuclear
protein and member of a family of transcription factors that, like Fos and
Jun, dimerize via a leucine zipper; this family includes CREB B (Sheng et al.
1991) and activating transcription factor (ATF)-1 (Liu et al. 1993), both of
which respond to cAMP as well as to depolarization signals. CREB is
thought to be active as a homodimer. Since AP-1 binding activity does not
change during c-fos induction — based on gel mobility shift assays (Sheng et
al. 1990) and interaction with affinity sorbents (Sheng et al. 1991) - it has
been proposed that CREB homodimers are constitutively bound to the CRE
motif and activated in situ. Activation is effected by phosphorylation at a
specific residue, Ser-133, in response to increases in cAMP or to the influx
of calcium into stimulated cells. The integration of these two signaling
pathways targeting the CRE/CaRE element seemingly occurs at the level of
the CREB protein; this was confirmed in experiments in PC12 cells in which
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GAL-4-CREB fusion constructs drive GAL-4-containing reporter genes in
response to calcium influx (Greenberg et al. 1992).

2.6 Role of Calcium

Intracellular calcium functions as a second messenger in all cells; in nerve
cells it triggers a variety of physiological events such as neurotransmitter
release and modulation of synaptic transmission. There seems to be little
doubt that influx of extracellular calcium also effects long-term, adaptive
changes in neurons, including synaptic remodeling, and morphological
changes such as neurite extension, and finally alterations in gene expression.
It might be postulated on theoretical grounds that external stimuli should
affect neuronal plasticity via the influx of calcium; as Bertil Hille observed
in 1984, calcium channels "serve as the only link to transduce depolarization
into all the nonelectrical activities controlled by excitation. Without Ca
channels our nervous system would have no outputs." The notion that
electrical stimulation induces c-fos expression via an influx of extracellular
calcium has been corroborated by many studies involving a variety of
calcium-specific reagents. Removal of extracellular calcium with chelating
agents eliminates the effect of KCl-induced depolarization (Morgan and
Curran 1986; Bading et al. 1993; Ghosh et al. 1994b). The signaling cascade
can be triggered with reagents that activate ion channels and thereby directly
permit the influx of calcium ions, such as BayK-6844, an activator of the
L-type calcium channel (Murphy et al. 1991). Alternatively, treatments that
cause depolarization, such as KCl and the sodium channel agonist vera-
tridine, can be employed; they act through activation of voltage-gated chan-
nels. Blockers of the L-type voltage-gated calcium channel, such as dihydro-
pyridines, block c-fos induction by KCl and veratridine (Morgan and Curran
1986; Greenberg et al. 1986); they also suppress c-fos expression in cortical
neurons in culture (Murphy et al. 1991) and depolarization-induced ex-
pression of c-fos in hippocampal neurons (Bading et al. 1993) and of BDNF
in cortical neurons (Ghosh et al. 1994a). L channels differ in biophysical and
pharmacological properties from other types of voltage-gated calcium chan-
nels. Although a systematic investigation of the involvement of these other
channel subtypes seems not to have been undertaken, it is noteworthy that L
channels carry the calcium current in PC12 cells, a cell line widely used in
these investigations; furthermore, L channels are suitably positioned over
the soma and dendrites of neurons to play a role in transsynaptic signaling
(Westenbroek et al. 1990); finally, the N-channel blocker omega conotoxin
does not interfere with depolarization-transcription coupling in primary
cortical neurons (Murphy et al. 1991). Since the calmodulin antagonists
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chlorpromazine and trifluoperazine abolish the response (Morgan and Cur-
ran 1986), it has been assumed that calmodulin acts as the calcium sensor in
the cytosol; these somewhat nonspecific drugs were subsequently replaced
with the more selective drugs calmidazolium and the calcium-calmodulin
kinase antagonist KN-62, which in hippocampal neurons partly inhibit depo-
larization-triggered c-fos activation (Bading et al. 1993). In PC12 cells,
A23187 mimics the effects of KCl-induced depolarization (Sheng et al.
1988, 1990, 1991). Thapsigargin, which blocks reuptake of calcium into
intracellular stores, was shown to moderately activate ras, which may link
depolarization to c-fos activation via mitogen-activated protein (MAP) ki-
nase (Rosen et al. 1994). Barium, which readily passes through calcium
channels, has been shown to mimic the effect of depolarization (Curran and
Morgan 1986; Sheng et al. 1988). In hippocampal neurons, even NMDA
receptor-mediated c-fos stimulation requires calcium influx (Bading and
Greenberg 1991), and it is interesting that in these cells, depending on the
port of entry (L-type channel or NMDA receptor channel), calcium differen-
tially stimulates gene transcription (Bading et al. 1993); in the same cells,
calcium entering through NMDA and non-NMDA glutamate receptors has
been shown to utilize distinct signaling pathways (Lerea and McNamara
1993). Similarly, in cortical neurons, expression of BDNF is stimulated by
voltage-gated calcium channels, but not NMDA receptor channels, although
both conduct calcium (Ghosh et al. 1994a).

2.7 Transcytosolic Signaling

The strong evidence from hippocampal and cortical neurons suggesting that
there are at least two distinct calcium-triggered pathways from the plasma
membrane to the nucleus makes it highly unlikely that calcium itself could
serve as the transcytosolic messenger. Instead the assumption must be made
that calcium acts in a well-circumscribed microdomain at its site of entry to
initiate distinct signals, most likely via a phosphorylation cascade. In PC12
cells, it has long been known that several distinct kinase signaling systems
can induce c-fos: the diacylglycerol (DAG)/protein kinase C (PKC) pathway
(Greenberg et al. 1986; Sheng et al. 1988), the cAMP pathway (Montminy et
al. 1986; Sheng et al. 1988), and the calcium/calmodulin pathway (Morgan
and Curran 1986). Of these kinases, protein kinase A (PKA) and a cal-
cium/calmodulin-dependent kinase (CamK) can phosphorylate CREB on
Ser-133 and thereby activate it; recently, the novel CREB kinase has been
added to this group (Ginty et al. 1994). Tracing the depolarization transcrip-
tion coupling pathway to completion requires linking one of these candidate
kinases to calcium influx.
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There is little evidence that PKA mediates depolarization effects, since
cAMP does not rise in response to depolarization (Sheng et al. 1990). A
better case can be made for calmodulin: calmodulin inhibitors (phenothia-
zines as well as the more specific calmidazolium) were shown to disrupt the
signaling cascade, at least partly. Calmodulin-dependent kinase is not only
the most plausible enzyme to provide a simple link between calcium influx
and gene activation; its candidacy is also supported by considerable ex-
perimental évidence. CamKII is activated by depolarization in PC12 cells
(Griffith and Schulman 1988); CREB fused to the DNA-binding domain of
the yeast transactivating factor GAL-4 is responsive to calcium influx
(Greenberg et al. 1992); both CamKI and CamKII act on CREB in vitro
(Greenberg et al. 1992), resulting in the phosphorylation of Ser-133, the
same residue that is targeted in vivo by the depolarization signal (Sheng et
al. 1991). CREB is a very efficient substrate for CamKII (Greenberg et al.
1992). Significantly, CREB phosphorylated at Ser-133 is a more potent
activator in an in vitro transcription system (Dash et al. 1991), and mutation
of Ser-133 to Ala significantly inhibits the depolarization response (Sheng et
al. 1991). The evidence, however, at present is still circumstantial and rests
to a large extent on the specificity of calmodulin and CamK inhibitors; it
remains to be established that CamK is localized to the nucleus and that the
enzyme is required for CREB phosphorylation in vivo (Ghosh et al. 1994b).

The calcium signal may, to some extent, target elements other than the
CRE/CaRE in the c-fos promoter. This may seem surprising considering
promoter investigations carried out in vitro; however, more recent work with
fos-lacZ transgenic animals suggests that the CRE/CaRE is crucial for
regulation only by cAMP, and not by membrane depolarization. Mutation of
any of the c-fos regulatory elements (SIE, SRE, FAP, CRE/CaRE) inhibited
KCl-induced c-fos upregulation (Robertson et al. 1994). This would indicate
that, in vivo, integrity of the promoter is required because either CREB
interacts with elements other than, and in addition to, the CRE/CaRE or
because other transcription factors, such as the SRF, are regulated by cal-
cium influx to a greater extent than has been appreciated. At any rate,
components of such an alternative calcium/c-fos pathway have been identi-
fied. NMDA receptor activation has been shown to activate MAP kinase
(Bading and Greenberg 1991). Activation of MAP kinase by electroconvul-
sive shock (Baraban et al. 1993) and generalized seizures (Gass et al. 1993)
is likely to be a consequence of NMDA receptor activation. In PC12 cells,
membrane depolarization and the resulting flow of calcium ions through
activated L channels likewise leads to activation of MAP kinase; the latter
pathway has been elucidated in some detail more recently and has been
shown to involve the monomeric G-protein p2lras and the dual-function
kinase MEK1 (Rosen et al. 1994). The link between the influx of calcium
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and the activation of ras remains to be found. Greenberg and colleagues
(Rosen et al. 1994) speculate that PKC might act as the calcium target, since
activation of cholinergic receptors had previously been shown to cause PKC
translocation in these cells (Messing et al. 1989); PKC could then lead to the
inhibition of a GAP (GTPase-activating protein), thereby leading to ras
activation, as phorbol esters activate ras in PC12 cells (Thomas et al. 1992).
This model, which does not address the origin of the lipid activator probably
also involved in PKC activation, implies that the level of cytosolic calcium
rather than the amount of a lipid activator is limiting in the resting cell.
Another possibility that these authors consider involves the tyrosine phos-
phorylation of calcium channels in response to calcium influx, eventually
leading to ras activation via adaptor proteins harboring SH2 domains; this
would still leave the primary calcium target undefined. CREB kinase has
recently been identified as a kinase in the ras pathway linking NGF stimula-
tion to CREB phosphorylation. It may be activated by a number of extracel-
lular stimuli, including elevated KCl1 (Ginty et al. 1994), but too little is
known at present to speculate on how a depolarization signal might reach it.

3 Downregulation of the y-Isoform of the Acetylcholine Receptor
by Electrical Activity: Actuation of a Transcriptional "Off" Switch

3.1 Effect of Electrical Activity on Gene Expression in Skeletal Muscle

Skeletal muscle displays phenotypic plasticity; in response to external
stimuli and changing functional demands it is capable of switching fiber type
by expressing functionally different variants of membrane (sarcolemma;
sarcoplasmic reticulum, SR) and sarcomeric proteins and of enzymes of
energy metabolism. Much of our knowledge of these activity-driven changes
has been obtained in experiments using chronic, low-frequency stimulation
of mammalian muscle. The majority of these studies involved measurement
of protein levels, enzyme activities, or physiological parameters and did not
provide much insight into regulatory mechanisms. Thus changes in protein
levels could be the result of transcriptional or post-transcriptional events; for
example, increased protein turnover accounts for the drop in the amount of
myofibrillar protein in inactive muscle (Strohman et al. 1981); similarly,
tetrodotoxin treatment has been shown to cause impaired assembly and
enhanced secretion of acetylcholinesterase in cultured muscle cells (Fernan-
dez-Valle and Rotundo 1989). The functional state of muscle probably also
affects gene activity, since electrostimulation leads to the appearance of
proteins that were previously present at low or undetectable levels. In many
cases a correlation between protein and mRNA levels has been detected,



262 J. Schmidt

suggesting that protein synthesis is affected by membrane activity and, in
addition, that the gene coding for the protein in question might be the site of
control. Nevertheless, none of the numerous studies on activity-driven
phenotypic plasticity of skeletal muscle have yet been backed up by direct
gene activity analysis (for a review, see Purves 1976; Pette and Vrbova
1992).

3.2 Elimination of the Embryonic Form of the Acetylcholine Receptor

Among the many genes whose expression is influenced by electrical activ-
ity, those coding for the subunits of the AChR are probably the most
thoroughly studied. The junctional AChR in the mature muscle fiber 1s a
pentameric membrane protein composed of ¢-, B-, 8-, and €-subunits in the
stoichiometry 2:1:1:1 (for a recent review of AChR structure, see Devillers-
Thiery et al. 1993). Analysis of the formation of the neuromuscular junction
has shown that the appearance of this junctional AChR is preceded by the
ubiquitous expression of an embryonic form in which a y-subunit substitutes
for the e-chain of the adult AChR. These embryonic or extrajunctional
AChR appear when myoblasts fuse to form myofibers. In differentiated and
uninnervated myofibers such as arise in cultures of primary myogenic cells,
the y-isoform of the receptor is expressed at high rates. In the embryo,
innervation first leads to clustering of receptor at the point where the nerve
contacts the fiber; subsequently, extrasynaptic receptors are lost, and finally
e-type receptors replace the y-isoform.

Denervation leads to the reappearance of the y-subtype in extrajunctional
areas, a change that is reversed by reinnervation or direct electrical stimula-
tion. Denervated muscle thus serves as a convenient preparation in which to
study AChR suppression (for a brief review, see Hall and Sanes 1993). The
neurally mediated suppression of the y-isoform could be mediated by a
chemical signal or might be a simple consequence of neuromuscular trans-
mission. Numerous experiments have shown that electrical stimulation of
the denervated muscle fiber, even in the absence of reinnervation, leads to
downregulation (Jones and Vrbova 1974; Lgmo and Rosenthal 1972; Drach-
man and Witzke 1972; Lgmo and Westgaard 1975; for an excellent review
of the older literature, see Fambrough 1979); contractile activity does not
seem to be required for this effect (Gruener et al. 1974). In 1976, Hall and
collaborators (Hogan et al. 1976), using the electrostimulated rat diaphragm,
showed that the activity-driven elimination of the y-type AChR proceeds
without enhanced turnover, suggesting inhibition of receptor expression.
Subsequently, the same group (Hall and Reinness 1977) demonstrated that
the decline of AChR levels is the result of a block in new receptor synthesis.
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Activity-dependent gene regulation can also be studied in cultured muscle cells
displaying spontaneous activity. Inhibition of the voltage-gated sodium channel
with tetrodotoxin (Cohen and Fischbach 1973; Betz and Changeux 1979) and of
voltage-gated calcium channels with the phenylalkylamines verapamil (Klars-
feld et al. 1989) and D600 (Shainberg et al. 1976; Pezzementi and Schmidt
1981) leads to increased receptor expression, while the effect of depolarization
can be mimicked by exposure to the sodium channel agonist veratridine (Betz
and Changeux 1979; Shieh et al. 1988, for additional information, see Fam-
brough 1979; Salpeter and Loring 1985; Laufer and Changeux 1989).

3.3 Electrical Activity Blocks Acetylcholine Receptor
Subunit Gene Transcription

That muscle membrane depolarization blocks AChR expression at the level
of individual subunit genes was first suggested by mRNA measurements.
Heinemann and collaborators observed that electrical stimulation, begun at
the time of denervation, blocks the increase in the amount of mRNA coding
for o, B-, ¥-, and 0- subunits in rat muscle (Goldman et al. 1988); this was
confirmed for the o-subunit by Eftimie et al. (1991). Witzemann et al.
(1991) found that mRNA encoding the a-, y-, and d-subunits are strongly
reduced by exogenous stimulation of chronically denervated rat soleus
muscle. Later, Neville et al. (1992) showed that in denervated chick muscle,
upon onset of electrostimulation, the c-subunit mRNA disappears with a
half-life of 4 h, indistinguishable from the turnover rate of the mRNA in
unstimulated muscle. This observation strongly suggested a rapid shutdown
of the o-subunit gene. Direct confirmation of this inference came when
Huang et al. (1992) found that electrostimulation of denervated chick muscle
in situ blocks the transcription of the O-, ¥-, and d-subunit genes within
minutes. In addition, the delineation, however preliminary, of a depolariza-
tion response element in receptor promoters (see below) confirms the gene
as the site of activity-dependent regulation.

3.4 Effect of Cessation of Electrical Activity on Receptor Expression

Just as treatments causing depolarization of the sarcolemma inhibit receptor
expression, manipulations leading to the elimination of neurally evoked or
spontaneous electrical activity of muscle fibers cause an upregulation of
AChR. This phenomenon was originally discovered as an increase in ace-
tylcholine sensitivity of skeletal muscle following nerve section (Axelsson
and Thesleff 1959). Denervation supersensitivity was first correctly at-



264 J. Schmidt

tributed to an increase in the number of AChR by Miledi and Potter (1971),
who, using radiolabeled o-bungarotoxin, established that denervation is
followed by an increase in receptor density that easily accounts for the
observed increase in transmitter sensitivity. It was subsequently shown that
other treatments resulting in the block of action potentials within the muscle
fiber such as tetrodotoxin cuffs around the motor nerve, treatment of muscle
with botulinum toxin (which inhibits acetylcholine release), treatment with
a-bungarotoxin (which blocks the postsynaptic response to the transmitter),
and treatment of the muscle with tetrodotoxin or local anesthetics that block
action potentials directly all cause an upregulation of the AChR (for review,
see Fambrough 1979). Brockes and Hall (1975) established that the denerv-
ation effect was a consequence of increased receptor synthesis (rather than
of a stabilization of the receptor in the plasma membrane); this in turn was
later attributed to an increase in the availability of subunit transcripts (Merlie
et al. 1984:; Evans et al. 1987; Moss et al. 1987; Shich et al. 1988). Similar
observations were made with cultured cells; Klarsfeld and Changeux (1985)
found that tetrodotoxin treatment of chick primary muscle cells raises the
level of o-subunit mRNA by about an order of magnitude, similar to the
effect of denervation (17-fold increase); comparable results were obtained
by Shieh et al. (1988). That the rise in mRNA levels in turn might result from
increased synthesis rather than decelerated turnover was suggested by the
appearance of a putative splicing intermediate of the o-subunit transcript in
response to denervation (Shieh et al. 1987) and by the detection of intronic
transcripts (Klarsfeld et al. 1989). Eventually gene activity was measured
directly in nuclei isolated from muscle at various times after denervation,
confirming a significant and coordinate increase in the activity of the o-, Y-,
and &-subunit genes (Tsay and Schmidt 1989). In vitro treatment with
tetrodotoxin and local anesthetics had previously been known to cause
AChR upregulation (see above). These treatments also result in an increase
in receptor messages including the putative o-subunit mRNA precursor
(Klarsfeld and Changeux 1985; Shieh et al. 1988; Harris et al. 1988).

As in many other situations in cellular metabolism, up- and downregulation
of the AChR are not simply mirror images of each other. While depolarization-
driven receptor gene inactivation is a fast, post-translational event that happens on
a time scale of minutes, cessation of electrical activity leads to gene activation over
a period of 10-20 h and requires both RNA and protein synthests. As early as 1970
Fambrough showed that denervation effects can be prevented by treating organ-
cultured rat diaphragm with actinomycin D or cycloheximide. Later, Changeux’
group demonstrated that protein synthesis is required for the tetrodotoxin-stimu-
lated increase in AChR expression (Duclert et al. 1990), an observation con-
firmed for the denervation-triggered activation of AChR genes in chick
skeletal muscle by Tsay et al. (1990).
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3.5 Search for the Depolarization Response Element

The regulatory regions of many AChR subunit genes have been analyzed; all
available evidence points to a subset of E boxes in the AChR subunit gene 5’
flanking regions as the element responsive to electrical activity of the plasma
membrane. Thus, every promoter fragment known to be responsive to depo-
larization contains at least one E box: chick 850 (Merlie and Kornhauser
1989; Sanes et al. 1991; Salmon and Changeux 1992); chick 0842 (Bes-
sereau et al. 1994); chick o829 (Gundersen et al. 1993); chick ®829 and
alll (Merlie et al. 1994); mouse 81850 (Simon et al. 1992); rat 102
(Chahine et al. 1992); mouse 6181 (Dutton et al. 1993); mouse myogenin
MYG3700 (Buonanno et al. 1993); mouse myogenin MYGI1565 and
MYG335 (Merlie et al. 1994); mouse £3500 (Sanes et al. 1991); and mouse
€3500, €830, and €280 (Gundersen et al. 1993). As a rule these E boxes are
parts of enhancer-like elements that impart tissue and developmental speci-
ficity to the receptor genes. The most direct evidence for the involvement of
E boxes in the activity response was obtained by Bessereau et al. (1994),
who showed that in transgenic animals carrying lacZ under the control of an
o-subunit region of 850 bp a denervation response of the reporter enzyme is
observed, which is significantly diminished upon mutation of one of the two
E boxes present in the o-enhancer; however, a shortened a-enhancer con-
struct which still contains both intact E boxes lost its ability to respond to
denervation. Thus specific E boxes seem to be required, but are not necess-
arily sufficient for the depolarization response.

3.6 Search for Transacting Factors — Possible Involvement
of Myogenic Factors

The tentative identification of E boxes as mediators of the depolarization
response is plausible as well as perplexing: plausible, because E boxes serve
as targets for the MyoD family of transcription regulators, and perplexing,
because clearly genes that are little affected by activity as well as those
exceedingly sensitive to it contain E boxes as functional elements in their
promoters. Examples are the myosin light chain (MLC) and muscle creatine
kinase (MCK) genes, which are little affected by denervation, but contain E
boxes as important functional elements in their promoters. Thus, Merlie and
Kornhauser used MLC as a negative control in a denervation experiment
(Merlie and Kornhauser 1989), and MCK mRNA levels, in contrast to
messages for the AChR subunits, gradually decline in response to denerv-
ation (Duclert et al. 1991). The solution to this E box dilemma must lie in the
multiplicity of E boxes and of transactivator complexes associating with
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them. The CANNTG motif occurs every 256 nucleotide (nt) in a random
sequence; as a result there are many more such motifs than are likely to have
physiological significance within the genome or even within promoter se-
quences. Therefore, only a subset of these sequences are probably regulatory
elements. A subset of these again reside in muscle-specific promoters and
are targets of myogenic determination factors or "M proteins." Since there
are four such proteins (MyoD, myogenin, myf5, and herculin/MRF4; for a
review of myogenic factors, see Weintraub et al. 1991; Edmondson and
Olson 1993; Weintraub 1993), it is conceivable that one of them, possibly in
conjunction with a specific E protein as dimerization partner, could serve as
the transactivating factor responsive to, i.e., inhibited by, membrane depo-
larization. This presupposes that individual E boxes are preferentially recog-
nized by a specific transactivator. That individual M proteins have subtle
predilections for flanking and central nucleotides not specified in the basic
CANNTG motif has been shown using cycles of amplification and selection
of appropriate target sequences ("CASTing"; Blackwell and Weintraub
1990; Wright et al. 1991; Funk and Wright 1992).

Of the four known myogenic determination factors or M proteins,
myogenin is most likely to mediate the depolarization response. It is note-
worthy that an antisense oligonucleotide directed against the 5’ end of the
myogenin message was shown to block the expression of the AChR 8-sub-
unit in BC3H-1 cells (Brunetti and Goldfine 1989); however, since
myogenin in this system is required for differentiation of myogenic cells, a
distinction between general developmental effects and specific receptor
regulation is difficult. Analysis of M protein expression during development
and after denervation in mouse muscle has shown that both myf-5 and
herculin/MRF4 are unlikely candidates, the former because it is not strongly
upregulated by denervation and the latter because, unlike AChR genes, it is
not downregulated in the postnatal phase (Duclert et al. 1991). MyoD and
myogenin, on the other hand, in general parallel the expression of receptor
subunits; in particular, denervation-induced increases in MyoD and
myogenin protein have been documented (Weis 1994). In rat muscle, Witze-
mann and Sakmann (1991) found that myogenin also is more strongly
affected by denervation and reinnervation than is MyoD and proposed that it
could be involved in the regulation of a-, y-, and 3-subunits. An mRNA
analysis in denervated chick muscle revealed that only myogenin resembled
receptor subunit expression in the extent and kinetics of activation (Neville
et al. 1992). This also holds at the level of gene activity: myogenin transcrip-
tion rate goes up by approximately an order of magnitude and rapidly drops
in response to electrostimulation (Huang et al. 1993). The slow upregulation
of receptor in response to denervation and the quick inactivation of receptor
genes upon stimulation is best explained by invoking an autocatalytic tran-
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scription factor (Neville et al. 1991); such a factor would be assumed to
activate its own promoter after cessation of membrane signals, thereby
giving rise to increased amount of factor protein, in agreement with the
finding that denervation-induced activation of receptor genes requires on-
going protein synthesis (Duclert et al. 1990; Tsay et al. 1990). Indeed
myogenin promoters have been studied in human, mouse, and chick muscle,
and a conserved functional E box has been identified near the TATA box. It
has also been shown that this E box serves as a target for the myogenin
protein (S. Malik and J. Schmidt, unpublished). Another argument for
myogenin comes from the analysis of the inactivation kinetics: the myogenin
gene in chick muscle is rapidly inactivated by electrostimulation, as rapidly
in fact as the genes coding for receptor subunits, while genes for the M
proteins respond much more slowly (Huang et al. 1993). Finally, the state of
phosphorylation of myogenin depends on the electrical activity of the
muscle cell (Mendelzon et al. 1994). The most convincing experiment would
be to block denervation supersensitivity by elimination of myogenin. This is
not easily accomplished, as muscle differentiation completely fails in
myogenin null mutants during early development (Hasty et al. 1993). Per-
haps this aim should be pursued using antisense technology in the postnatal
period.

3.7 The Signaling Pathway Proper — Role of Protein Kinase C

When Laufer and Changeux reviewed activity-dependent receptor ex-
pression in 1989, they emphasized that the slow progress in the field was due
to insufficient specificity of the drugs employed, a preponderance of meas-
urements of events downstream of gene activity (mRNA levels, protein
levels), and the complexity of signaling pathways and their possible cross-
talk. These difficulties have been at least partly solved in the meantime: gene
activities can be measured directly in cultured cells and in nuclei isolated
from skeletal muscle; since such measurements are possible within seconds
and minutes after the onset of electrostimulation, gene regulation can there-
fore be isolated not only mechanistically, but also kinetically, from regula-
tory events affecting post-transcriptional processes; and more specific rea-
gents are becoming available, such as antisense oligonucleotides and
expression vectors for specific inhibitors of potential cascade elements.

The rapid inactivation of the transcription factor driving AChR gene
expression is likely to come about through a post-translational modification.
A commonly encountered covalent modification is phosphorylation; at-
tempts at identifying specific kinase pathways have involved the use of
specific activating drugs. The first kinase to be investigated was PKA.
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Moderate increases in receptor expression were observed in primary muscle
cells upon stimulation of PKA (Betz and Changeux 1979). Subsequent
investigations revealed that cAMP levels do not change upon treatment with
tetrodotoxin and local anesthetics; in addition tetrodotoxin and cholera toxin
have additive effects, suggesting independent mechanisms (Betz 1980;
McManaman et al. 1982). More recently, Goldman and collaborators re-
ported that forskolin counteracts tetrodotoxin effects on receptor subunit
messages in rat primary muscle cells in culture; these investigators have
proposed that depolarization blocks receptor gene activity via inactivation of
PKA (Chahine et al. 1993). It is difficult to reconcile their findings with the
experiments performed by other investigators in the chick and mouse, espe-
cially since possible contributions of post-transcriptional effects have not
been ruled out.

The case for PKC is altogether more convincing. Phorbol esters were ob-
served to reduce the rate of AChR synthesis in cultured chick myotubes as early
as 1978 (Miskin et al. 1978); these findings were confirmed by Bursztajn et al.
(1988) and by Changeux’ group, who, in addition, demonstrated that phorbol
esters enhance receptor expression upon chronic exposure, thought to lead to a
depletion of PKC from the treated cells (Klarsfeld et al. 1989). Huang et al.
(1992) were then able to connect depolarization of skeletal muscle in vivo to the
stimulation of nuclear PKC and the resulting shutoff of receptor genes. This
mechanism is compatible with the notion that one of the M proteins is the
immediate target of kinase activity. Even a minimal chick AChR o-subunit
promoter, containing little beside the enhancer and its two E boxes, is respon-
sive to phorbol esters (Laufer et al. 1991). Olson and collaborators (Li et al.
1992b) have shown that all M proteins can be inactivated by PKC through
phosphorylation of a conserved threonine residue in the basic DNA-binding
domain. However, Huang et al. (1994b) demonstrated that of all four factors
only myogenin was inactivated rapidly enough to account for the kinetics of
receptor gene shutdown in vivo. This discrepancy can be resolved by conside-
ring that the threonine studied by the Olson group is likely to be inaccessible in
the DNA-bound factor and that consequently a different target, present in
myogenin but absent from other M proteins, mediates depolarization-tran-
scription coupling. A promising candidate is Ser-80 in chick myogenin,
which resides within a PKC target motif common to all myogenins se-
quenced so far but absent from the other M proteins. This residue, although
near the basic region and only two a-helical turns away from the threonine
in the DNA-binding region, is probably not occluded even in the DNA-
bound factor, since the equivalent position remains accessible in the MyoD-
DNA complex whose structure was recently elucidated by Pabo and col-
leagues (Ma et al. 1994). It should be pointed out that Goldman and
collaborators recently reported that stimulation of PKC in primary rat muscle
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cells does not downregulate receptor subunit messages (Walke et al. 1994);
this would suggest that the depolarization-transcription coupling in the rat
differs from that in the chick and mouse studied by other groups.

3.8 Calcium and Calcium Channels

Depolarization activates voltage-dependent calcium channels, which in turn
triggers the release of calcium from the SR. Therefore, cytosolic calcium has
long been thought to play a role in blocking receptor expression (Lgmo and
Westgaard 1975). The first experimental support for this hypothesis came
from investigations of changes in receptor levels in cultured muscle cells.
Exposure to the calcium channel blockers D600 (Shainberg et al. 1976;
Pezzementi and Schmidt 1981) and verapamil (Klarsfeld et al. 1989) re-
sulted in enhanced expression of AChR. Similarly, dantrolene, a drug that
inhibits the release of calcium from the SR, increased receptor levels (Birn-
baum et al. 1980; Pezzementi and Schmidt 1981, Klarsfeld et al. 1989).
Ryanodine, at the low concentrations at which it activates the SR calcium
release channel, reduced receptor expression (Pezzementi and Schmidt
1981; Rotzler et al. 1991), but enhanced it at high concentrations that cause
calcium depletion from the muscle fiber (Pezzementi and Schmidt 1981).
Quantification of mRNA levels has also been used to study the effects of
calcium drugs. The calcium channel blockers D600 (Shieh et al. 1988) and
verapamil (Klarsfeld et al. 1989) proved to be potent stimulators of receptor
subunit mRNA expression, while dantrolene was found to be considerably
weaker (Klarsfeld et al. 1989). Since message measurements provide a
reliable picture of gene activity only when combined with technically diffi-
cult mRNA turnover studies, it is preferable to analyze gene activity directly.
Treatments thought to stimulate calcium influx caused inactivation of AChR
genes in denervated chick mucle in vivo (Huang and Schmidt 1994). Using
the mouse muscle cell line C2C12, Huang et al. (1994a) measured receptor
gene activity under various conditions which alter cytoplasmic free calcium
concentrations and observed that calcium entering the cytosol from the
extracellular medium acts as a signal inhibiting receptor gene activity;
unexpectedly, calcium released from the SR does not trigger inactivation of
AChR subunit genes.

3.9 From the Plasma Membrane to the Nucleus

For the depolarization-transcription cascade to be triggered, influx of extra-
cellular calcium ions through L-type calcium channels is required. How the
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signal from the activated L channel reaches the nucleus is not known.
Depolarization activates nuclear PKC within 2-3 min (in intact chick
muscle; Huang et al. 1992). There is no measurable delay between PKC
activation and AChR gene inactivation, and a plausible pathway has been
delineated from the activation of PKC to the phosphorylation of a myogenic
factor to gene inactivation. However, the pathway from the plasma mem-
brane to the nucleus leads through largely uncharted territory. Based on the
effects of calcium drugs on receptor levels in cultured muscle cells, the
original expectation had been that depolarization-transcription coupling
shares elements with excitation-contraction coupling, up to and including
the excitation-triggered release of calcium from the SR. This idea, however,
did not survive the demonstration that depolarization-transcription coupling
requires external calcium, while excitation-contraction coupling ostensibly
does not. The independence of the two pathways is further supported by the
demonstration that release of calcium from intracellular stores by caffeine
and thapsigargine does not affect membrane-to-genome signaling. What the
two pathways do share is: (a) the need for the activation of L-type channels,
which in depolarization-transcription coupling direct the influx of calcium
ions and in excitation-contraction coupling appear to function as electro-
mechanic transducers (Catterall 1991), and (b) the flow of calcium through
a membrane bounding the cytosol, where it interacts with an unknown
sensor in the vicinity of the cytoplasmic mouth of the channel in the case of
depolarization-transcription coupling and with troponin C in the case of
excitation-contraction coupling. More work is necessary to elucidate the
failure of SR-derived calcium to initiate depolarization-transcription coup-
ling from the inside of the sarcolemma; one possible explanation is that an
active L channel is required for triggering the pathway and that SR-derived
calcium, via calmodulin/calcineurin, dephosphorylates and inactivates the L
channel before the ion reaches the sensor. It has been shown in cultured rat
muscle cells that the L channel in the sarcolemma is activated via stimula-
tion of PKA (Sculptoreanu et al. 1993); phosphorylation of the channel
protein in response to PKA has also been demonstrated (Mundifia-Weilen-
mann et al. 1991).

At present virtually nothing is known about the link between the hypothe-
tical calcium sensor and PKC in the nucleus. Most likely, PKC is stimulated
by diacylglycerol or a related compound, but the site at which this lipid
activator is generated is unknown. A phospholipase C (PLC) probably
participates in the cascade; however, what type of phospholipase it is, how it
is linked to the activation of the calcium channels in the sarcolemma, and
even whether it resides in the plasma membrane or in the nucleus or in some
other compartment remains to be elucidated.
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4 Concluding Remarks

Many genes are likely to be influenced by electrical membrane activity, but
only a few such cases have been investigated in any detail, including the
ones considered in this review. The stimulation of c-fos gene activity in
neurons and the silencing of AChR genes in skeletal muscle, both in re-
sponse to depolarization of the plasma membrane, differ in important as-
pects. Depolarization activates c-fos transcription but inactivates AChR
receptor genes. CREB, which is an efficient substrate for PKA, CamKII,
CREB kinase, and possibly other kinases, integrates signals from several
converging pathways; the transcription factor associated with the depolari-
zation response element in muscle, on the other hand, is likely to be targeted
only by PKC, at least during residence at the depolarization response ele-
ment, although whether directly or via another kinase has not been firmly
established yet. Like all M proteins it can be inactivated by PKA (Li et al.
1992a) as well as by PKC (Li et al. 1992b) through phosphorylation of a
conserved threonine reside in the DNA-binding region, but this is unlikely to
play a role in depolarization-transcription coupling, as the rapid inactivation
is difficult to reconcile with a kinase target buried in the DNA-binding site.
Nevertheless, modification in the DNA-binding domain could contribute to
the inactivation of receptor genes in the long term. Another difference
between the two fields of research is related to the scope of the pathways
under investigation. Although in both cases physiological observations
preceded and eventually prompted molecular investigations, the ultimate
target of the c-fos pathway has not come into focus, possibly because several
downstream or late-response genes exist and/or because the several cell
preparations being utilized differ in this respect, whereas in the pathway
linking depolarization and the reduction of acetylcholine sensitivity it was
soon realized (changes in acetylcholinesterase levels notwithstanding) that
the AChR represents the major object of regulation or at least one well-
defined end point of the signaling cascade.

It is remarkable, nevertheless, that the two examples covered here, though
seemingly disparate, have common elements. In both pathways depolariza-
tion leads to the activation of L channels and calcium influx and eventually
to the phosphorylation of a transcription factor that is already associated
with the proper promoter element. In both paradigms strong evidence argues
for the coexistence of at least two distinct signaling pathways that com-
mence with the influx of calcium ions into the cytosol, but nevertheless
reach different targets. In muscle the calcium released from the SR in the
course of excitation—contraction coupling remains without effect on AChR
gene transcription, while influx through L channels in the plasma membrane
triggers receptor gene block even in the absence of excitation-contraction
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coupling. The mechanistic detail of this pathway separation remains to be
worked out in either case. It appears most likely that the existence of calcium
microdomains account for it. In neurons the plausible argument has been put
forward that the calcium channels in question, the L channel and NMDA
receptors, are topologically separated enough. In principle this explanation
can also be invoked for skeletal muscle; there, however, the dimension of the
microdomain in question cannot exceed the dimensions of the channel
protein involved since the dihydropyridine receptor, which serves as the port
of entry of extracellular calcium, and the calcium release channel in the SR
are believed to be physically linked. It is possible to estimate the size of
calcium ion diffusion ranges by means of intracellular chelators with differ-
ent calcium association rate constants (Robitaille et al. 1993). Clearly it
would be useful to employ such compounds, perhaps in combination with
calcium imaging, approaches that do not seem to have been utilized much in
the exploration of either pathway.

Sheng et al. (1990) proposed that it is likely that mechanisms defined for
gene activation by membrane activity in PC12 cells would apply also to
neurons in the intact central nervous system (CNS). Similarly, it may be
hoped that the analysis of the two rather disparate systems summarized here
will eventually pave the way to the elucidation of other depolarization-
driven regulatory schemes. The discovery of amazing parallels in the two
signaling pathways is certainly grounds for optimism.
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