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1 Introduction

The notion of secondary motor areas, including the supplementary motor
area (SMA!), arose from electrical-stimulation studies of the cerebral
cortex (Penfield and Welch 1951; Woolsey et al. 1952). It is only in recent
years that the SMA has emerged as a hierarchically more prominent corti-
cal field than it had previously been thought to be. This change in view
has been brought about by investigations of changes in regional cerebral
blood flow (rCBF; Lassen and Ingvar 1972) and of ‘readiness potentials’,
which occur up to 1 s before actual movement onset in man (Kornhuber
and Deecke 1965). It was soon recognized that also areas outside the
precentral motor cortex were activated when subjects were asked to per-
form repetitive movements. Roland et al. (1980a) and Orgogozo and
Larsen (1979) attributed particular importance to the SMA, which, like
the motor cortex, displayed an increased rCBF when patients performed a
manual task. The SMA was found to be activated on both sides even dur-
ing the mere ‘mentation’ of a complex sequence of finger movements. The
discovery of these brain events relating to conscious motor performance
led to the conclusion that the SMA functions as a ‘supramotor’ area which
is engaged in the programming of sequences of voluntary movements; this
inference was also supported by the fact that the ‘readiness potentials’ are

1 The terms MslII or MII have sometimes been used as synonyms for SMA
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largest over the SMA (Deecke and Kornhuber 1978). All these studies on
the human brain, together with some results of single-unit recordings in
the SMA of trained monkeys, prompted Eccles (1982) to propose that
“...1in all voluntary movements the initial neural event is generated in the
supplementary motor area of both sides”.

This new view of a ‘higher’ role played by the SMA in initiating volun-
tary movements contrasts markedly with the more traditional view that
the SMA controls the motor apparatus in parallel with the precentral
motor cortex (Woolsey et al. 1952). The general objective of this review is
therefore to examine the data on the SMA obtained from animal experi-
ments and to determine if they support the new interpretation of the
SMA as a supramotor area (rather than a supplementary motor area). The
conceptual developments that emerged from experimental and clinical
studies of the human brain will also be evaluated in the light of the propo-
sition of Eccles (1982).

In the pursuit of the above general objective, the following specific
questions will be addressed: (1) Is the SMA essentially ‘upstream’ from
the precentral motor cortex, (2) does the SMA exert a direct and somato-
topically organized control on the spinal cord, and (3) which inputs from
sensory systems, from basal ganglia, and from the cerebellum influence
the output of the SMA? These questions will be dealt with from the per-
spective of studies of structural relationships, the effects of lesions, and
the characteristics of single-unit activity in monkeys trained to perform
learned motor tasks. As will be seen in the detailed account, the conclu-
sions are sometimes limited by a number of methodological and concep-
tual problems. These pertain firstly to some uncertainty on the exact
spatial definition of the SMA. Secondly, many investigations, especially in
human subjects, lack precision in the localization of lesions and of the
sources of functional changes. Thirdly, where there is only a limited sample
of single-unit recordings, the generality of the results is obviously limited.

In the present review, I adhere to the neutral reference of cytoarchi-
tecture for defining the SMA, rather than using the original criterion
derived from electrical stimulation. I postulate (as others, but not all, have
done) that the SMA coincides with area 6 on the medial surface of the
hemisphere (cf. Sect. 2.1 for details). This means that posteriorly, the
SMA adjoins the hindlimb representation (and the tail representation in
the monkey) of the motor cortex; ventrally, the anterior cingulate cortex
of the limbic system; rostrally, the prefrontal association cortex; and later-
ally, the premotor cortex. Macroscopically, the SMA of the macaque
brain occupies the superior frontal gyrus, including the roof of the cin-
gulate sulcus. The posterior boundary is about at the level of the superior
precentral dimple, the rostral boundary is about at the level where the
upper branch of the arcuate sulcus ends (Fig. 2).



4 M. Wiesendanger

The present review focuses on recent studies and is not intended to
cover systematically the older literature as well. A number of previous
reviews have emphasized comparative aspects of the SMA and other motor
fields (Wiesendanger et al. 1973; Humphrey 1979, Wiesendanger 19814a,b;
Brinkman and Porter 1983).

2 Structural and Functional Relationships
of the Supplementary Motor Area

2.1 Cytoarchitectonic Features

As outlined in the Introduction, it is presupposed that the SMA coincides
with cytoarchitectonic area 6 on the medial wall of the hemispheres. It is
therefore necessary to recall the essential features of area 6. Together with
area 4, area 6 belongs to the ‘agranular’ type of cortex, which lacks an
internal granular layer. The principal difference between the two fields is
the presence in area 4 of giant Betz cells (which are particularly conspicu-
ous in the medial cortex) and the lack of giant Betz cells in area 6. The
cortex of area 6 is thinner than that of area 4, but the transition is gradual,
and the criterion is therefore less reliable. The photographs originally
published by vorn Bonin and Bailey (1947) and reproduced in Fig. 1 show
nicely the respective cytoarchitectonic features of medial areas 4 and 6.
Isolated clusters of giant Betz cells are sometimes present in front of the
continuous sequence of Betz cells typical of area 4; it is therefore neces-
sary to study a number of sections in order to establish a consistent
boundary between the two areas. In our own studies (Macpherson et al.
1982a,b) we included these isolated Betz cell clusters into area 4. The
boundary thus established corresponds fairly well to that of von Bonin
and Bailey (1947) and is clearly more rostral than that of Vogt and Vogt
(1919). Determining the transition into the granular cortex of the frontal
lobe may also pose some problems because the granular layer may not
appear sharp. Walker (1940) recognized a transitional ‘dysgranular’ strip
of medial cortex, which he termed area 8B. The best-known cytoarchitec-
tonic maps of the frontal-medial macaque brain are shown in Fig. 2. On
the basis of our own experience (Sessle and Wiesendanger 1982; Macpher-
son et al. 1982a,b), I favour the map of von Bornin and Bailey (1947;
Fig. 2B). From the functional point of view, area 6 is a large heterogenous
cortical field. Anatomically, attempts have been made to subdivide area 6
into a rostral and a caudal portion, namely areas 6aa and 6ap (Vogt and
Vogt 1919) and areas FB and FC (von Bonin and Bailey 1947), respec-
tively. Cytoarchitectonically, however, the differentiation is far from
clear. But further hodological and functional findings will be discussed in
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Fig. 1. A,B Histological sections of the macaque brain showing cytoarchitectonic fea-
tures of the medial agranular cortex. A Medial area 4 of the motor cortex in the para-
central lobule. There are three giant Betz cells in this section. Note thickness of cortex
and absence of an internal granular layer. B Medial area 6 (SMA). Note absence of giant
Betz cells, lack of an internal granular layer, and lesser thickness of cortex than that of
area 4. C Medial view and D dorsal view of the hemisphere, showing positions of the
two sections (4, B). Ci, cingulate gyrus; CS, central sulcus. The microphotographs
were reproduced from the original publication of von Bonin and Bailey (1947)

this review which indicate that distinction of a rostral and a- caudal divi-
sion of the SMA may indeed by justified.

Do the cytoarchitectonic features allow one to speculate on the evolu-
tionary position of the SMA in relation to other cortical fields? Sanides
(1968), in a cytoarchitectonic study of the squirrel monkey brain, used
the term ‘paralimbic premotor field’ (Plpr) for medial area 6, in order to
emphasize the similarities with the ‘paralimbic belt’ (the presence of a
striking density of small pyramids in layer V). Sanides considers these
similarities a sign of ‘limbic influence’ and speculates that the SMA may
constitute, in an evolutionary sense, an ‘old’ motor field. As will be shown
in Sect. 2.2.5, modern tracing studies have indeed revealed a close accocia-
tion of the SMA with the cingulate cortex. However, other considera-
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Fig. 2A—F. Cytoarchitectonic areas of the medial hemisphere in the macaque brain
according to various published maps. The SMA (cross-hatched) as defined in this
review corresponds to medial area 6 of A, Brodmann (1904, 1905); D, Krieg (1963);
and E, Walker (1940). This area was further divided in B, by von Bonin and Bailey
(1947) and in C, by Vogr and Vogt (1919) into a caudal and a rostral portion (FB, FC,
and 6aq, 6af, respectively). F As shown by Krieg (1963), the SMA occupies the
superior frontral gyrus above the cingulate sulcus

tions do not lend support to the notion of an ‘old’ motor field. As will be
detailed in several sections, many recent studies, especially those on the
human brain, indicate that the SMA attained its full development in the
human brain with attributes not present in the brain of subhuman pri-
mates.
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Fig. 3. Schematic representation of the principal thalamocortical relationships of the
supplementary motor area (SMA), the arcuate premotor area (4P4), and the motor
cortex (MC) in the monkey. The main relation of the SMA4 is shown to be to the oral
part of the ventrolateral nucleus (VLo), which in turn is the recipient of basal ganglia
outflow. APA and MC are shown to receive their major inputs from the lateral cerebel-
lum via thalamic areas X, of Olszewski {1952}, and VPLo, the oral part of the ventro-
posterolateral nucleus, respectively. VLm, the medial part of the ventrclateral nucleus;
SNpr, reticular part of substantia nigra; GPi, internal segment of globus pallidus; DNe,
DNr, caudal and rostral portions of dentate nucleus. (Schell and Strick 1984)

2.2 Relationships to Subcortical Structures

2.2.1 Thalamocortical Connections and the Re-entrance Loops
from the Basal Ganglia and from the Cerebellum to the SMA

It is well known that the large nuclear complex of the thalamus, which
receives cerebellar, pallidal, and nigral afferents, is interconnected with
motor fields of the cerebral cortex. The detailed work of Jones and co-
workers and other relevant studies of the ‘motor’ thalamus have recently
been reviewed in a series of papers (Asanuma et al. 1983a—d). Some
scattered results from anterograde and retrograde tracing studies concern-
ing the relationship of the thalamus to the SMA have been published by
Wiesendanger et al. (1973), Kievit and Kuypers (1977), Kalil (1978),
Kiinzle (1978), Bowker et al. (1979), and Jiirgens (1984). However, Schell
and Strick (1984) were the first to address specifically the problem con-
cerning the relationship of the thalamus to the SMA. Their main result
was that the SMA is dominated by thalamic inputs from subnucleus VZo
(Fig. 3). The important significance of this observation is that VLo had
been found to be the chief target structure of pallidal afferents (Kim et al.
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1976). Therefore, Schell and Strick (1984) proposed that the SMA might
be the key cortical structure receiving the signals from the basal ganglia. In
contrast, lateral area 6, the premotor cortex, was found to receive its
chief thalamic input from Olszewski’s (1952) area X. The main relation-
ships of the motor, premotor, and supplementary motor cortices to the
thalamus are summarized in Fig. 3.

In our own independent anatomical study on the SMA hodology in the
macaque (Wiesendanger and Wiesendanger 1985a) we have also mapped
the reciprocal thalamocortical connections by means of autoradiography
and histochemical labelling with horseradish peroxidase conjugated to the
lectin wheat germ agglutinin (WGA-HRP). The reciprocal connection of
the SMA with the VLo nucleus was confirmed. In addition, however, we
also observed conspicuous anterograde and retrograde labelling in area X
and in the VLc subnucleus after WGA-HRP injections into the rostral
SMA (which was probably not investigated in the study of Schell and
Strick 1984). It is fairly well established that these thalamic compart-
ments in turn receive cerebellar afferents (see e.g. Asanuma et al. 1983b).
Our results therefore support the inference that the SMA is a recipient,
via the thalamus, not only of pallidal but also of cerebellar information.
Furthermore, our results indicate that the anterior SMA and possibly also
the posterior SMA are dominated by information from the cerebellum,
whereas the middle portion appears to be more related to the basal ganglia
outflow. Additional support for a cerebellothalamic input to the SMA was
obtained from those cases in which the marker WGA-HRP was injected
into the SMA. We discovered that, after a survival period of 5—6 days,
WGA-HRP was transported transcellularly to label portions of the deep
cerebellar nuclei, mainly the contralateral dentate nucleus (Wiesendanger
and Wiesendanger 1985b). For comparison, WGA-HRP was also injected
into the precentral cortex. The transcellular labelling pattern in the
cerebellar nuclei was consistent with previous tracing studies of the cere-
bellothalamic link with the motor cortex (see Asanuma et al. 1983b). We
therefore concluded that the transcellular labelling observed in our SMA
cases was an additional and reliable sign of a linkage between the cerebel-
lum and the SMA. Typical examples of thalamic and cerebellar-nuclear
labelling following WGA-HRP injection into the SMA are illustrated in
Fig. 4. Although it is our contention that the re-entrance loops both from
the cerebellum and from the basal ganglia project back to the SMA, this
does not imply that the two systems converge onto the same cell popula-
tions. It may well be that the two loops are kept separate at all levels,
including the SMA, but this has not yet been tested at the cortical level.

In line with previous investigations on corticothalamic connections, we
found the characteristics ‘slabs’ of thalamic labelling, which extend
rostrocaudally over a distance of several millimetres. Sometimes the ‘slabs’
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Caupat

Fig. 4A—C. Retrograde thalamic and transcellular labelling in cerebellar nuclei follow-
ing injection of the marker WGA-HRP into the rostral SMA in the monkey. A Lateral
medial views of the cortex. B The labelled thalamic ‘slab’ includes the caudal part of
the ventrolateral nucleus (¥'L¢) and the nucleus centralis lateralis. VPLo, oral part of
the ventroposterolateral nucleus; CM, centre median nucleus;S 7%, subthalamic nucleus.
C Rostrocaudal sequence of transverse sections of the contralateral cerebellar nuclei.
Small dots represent lightly labelled perikarya, large dots indicate relatively dense trans-
cellular labelling of perikarya. F, fastigial nucleus; 47 and PI: anterior and posterior por-
tion of interpositus nucleus; D, dentate nucleus. (Wiesendanger and Wiesendanger
1985b)

are broken up in clusters extending rostrocaudally to form the thalamic
‘rods’, which have been described in detail by Asanuma et al. (1983¢) and
which are believed to constitute also functional modules of the thalamus.
The other typical feature, which was first pointed out by Kievit and
Kuypers (1977), was that the labelled territory transgressed subnuclear
boundaries. In particular, it was noted that following WGA-HRP injec-
tions into the SMA, a number of nuclei were labelled which are outside
the classical ‘motor’ thalamus (i.e. the ventralis anterior-ventralis lateralis
[VA-VL] nuclear complex). Thus, prominent labelling was present in parts
of intralaminar and adjacent nuclei, CL, Pc, lateral MD (Centralis lateralis,
Paracentralis, Medialis dorsalis). That these nuclei may also be implicated
in motor control has previously been suggested by Jones (1981), and
physiological evidence has recently been adduced that single neurones of
the intralaminar system subserve visuomotor functions (Schlag-Rey and
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Schlag 1984). Another thalamic nucleus receiving afferents from cortical
areas including the SMA is the centre-median-parafascicular complex; its
possible function in motor control is unknown.

2.2.2 The Efferent Projection of the SMA
to Subcortical Motor Structures

Together with other cortical areas, the SMA participates in the cortical
projection to the corpus striatum. The caudate nucleus, and to a lesser
extent, the putamen, receive a bilateral projection. Further projections
are to the claustrum, the subthalamic nucleus, and the amygdalar nuclear
complex (Jones et al. 1977; Kiinzle 1978a; Jiirgens 1984 ; Wiesendanger
and Wiesendanger 1984). Other (mainly ipsilateral) descending projections
are to the parvocellular red nucleus, to the median portion of the pontine
nuclei, and to the ipsilateral inferior olivary nucleus. A summary diagram
of these connections is shown in Fig. 5. Some scattered and rather faint
projections to the reticular formation have also been observed (Palmer et
al. 1981; Dhanarajan et al. 1977; Wiesendanger and Wiesendanger 1984;
Jiirgens 1984; Humphrey et al. 1984). It may thus be concluded that SMA
output is fed into the basal ganglia loop and the cerebellar loop. Access
to the latter is provided by both climbing fibres and mossy fibres. It
should be noted that the above target structures (with the possible excep-
tion of the reticular formation, which appears to receive only a limited
input from the SMA) do not project down to the spinal cord. The influ-
ence of the SMA on the motor apparatus via subcortical relays is there-
fore indirect, involving complicated loops.

2.2.3 Extrathalamic Ascending Afferents to the SMA

The SMA shares with other cortical areas a number of ascending projec-
tion systems with partly known transmitters. After injections of a retro-
grade marker substance into the SMA, labelled neurones were seen in the
claustrum and in the nucleus basalis of Meynert. Scattered labelled cells
were found in the hypothalamus, in the prerubral area and in the central
tegmental area. Numerous neurones were labelled bilaterally in the locus
coeruleus. A moderate number of neurones of the raphe nuclei were also
labelled, and scattered labelled cells were found in the nuclei annularis,
centralis superior, dorsalis tegmenti, and ventralis tegmenti, and in the
reticular formation (Wiesendanger and Wiesendanger 1984).

The following transmitter systems are thus likely to influence the SMA:
cholinergic neurones of the basal -forebrain nuclei, the noradrenergic
neurones of the locus coeruleus, and the serotoninergic neurones of the
raphe nuclei. Dopaminergic neurones are likely to contribute as well
(Goldman and Brown 1981), although labelled cells were not seen in the
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Fig. 5. Summary of major projections of the SMA to subcortical structures in Macaca
fascicularis. Further minor projections (not illustrated) were observed in the follow-
ing structures: septal nuclei, hypothalamic nuclei, interstitial nucleus of the posterior
commissure, superior colliculus, and mesencephalic, pontine, and medullary reticular
formation. NR TP, nucleus reticularis tegmenti pontis. (Wiesendanger and Wiesendanger
1984)

substantia nigra. Details of these projections to the SMA and their func-
tional significance are unknown. One might speculate that, in analogy to
the dopaminergic innervation of the corpus striatum, these systems exert
an ‘enabling function’ on the cerebral cortex. Some support for this hypo-
thesis comes from experiments of Brozoski et al. (1979), who showed
that dysfunction of the ascending dopamine system (which also has a
projection to the prefrontal cortex) provoked behavioural deficits similar
to those observed after prefrontal lesions.

2.3 Corticocortical Relationships

2.3.1 Reciprocal Relations to the Precentral Motor Cortex

The powerful reciprocal connections of the SMA with the motor cortex
have recently been reinvestigated in retrograde tracing studies by Matsurmura
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and Kubota (1979) and by Muakassa and Strick (1979). The latter authors
found that the caudal sector of the SMA projects to the precentral leg
area; the middle sector, to the precentral hand area; and the rostral sector,
to the precentral face area. This suggests that the SMA is indeed organized
somatotopically, as previously advocated by Woolsey et al. (1952) on the
basis of electrical-stimulation experiments. The question of somatotopy is,
however, still a matter of debate, as will be further discussed in Sect. 2.4.
Close analysis with anterograde tracing methods (autoradiography)
revealed a corticocortical pattern of projection from the SMA consisting
of rostrocaudal bands of silver grains which extended from the precentral
area 4 to adjacent area 6 on the lateral surface (Jirgens 1984; Wiesen-
danger and Wiesendanger 1984). It is interesting to note that in both
studies the projection from a single injection of labelled amino acids
appeared to cover a considerable mediolateral area of the precentral cor-
tex (with intervening bands that were clear of silver grains). The injections
might have been too large to reveal a preferential somatotopic distribution
such as had been found with retrograde tracing following injections of
HRP into the motor cortex. Conversely, the motor cortex also projects
back to the SMA. Kiinzle (1978b) found that the various subdivisions of
the motor cortex showed an overlapping projection to the SMA, and he
failed to see a precise point-to-point somatotopic organization.

Finally, the SMA also projects, via the corpus callosum, to the contra-
lateral SMA and motor cortex (Kiinzle 1978a, and own observation).

2.3.2 Connections with Premotor Areas

The powerful links of the SMA with lateral area 6, the premotor cortex,
alluded to in the foregoing section are also reciprocal (Damasio and Van
Hoesen 1980; Jiirgens 1984; Wiesendanger and Wiesendanger 1984). The
frontal eye field of area 9 and the anterior cingulate cortex of area 24 are
further cortical fields which have been associated with motor control
functions and which are also reciprocally coupled with the SMA (Muakassa
and Strick 1979; Matsumura and Kubota 1979, Wiesendanger and Wiesen-
danger 1984). Common to these premotor areas (in the broad sense) is
that they contain a contingent of corticospinal neurones (see e.g. Toyo-
shima and Sakai 1982).

2.3.3 Relationships to the Sensory Cortex

Connections between motor and sensory areas have recently been demon-
strated with anterograde and retrograde tracing methods by Kiinzle (1978),
Vogt and Pandya (1978), Jones et al. (1978), and Bowker et al. (1979).
The only sensory areas which have been found to project to the SMA are
the somatosensory cortex (SI and SII) and the ‘supplementary sensory
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area’ of medial area 5. In contrast to the SMA connections with motor
fields, the SMA apparently does not project back to the somatosensory
cortex.

In addition to the somatosensory input to the SMA, this area may relay
more elaborate sensory information received from association areas (see
below).

2.3.4 Relationships to Association Areas

Prominent reciprocal connections, which were seen in all cases investi-
gated by Jirgens (1984), concerned the anterior and posterior cingulate
cortex, i.e. areas 24 and 23, respectively. The projection from the cingu-
late cortex to the SMA was previously noted in anterograde tracing studies
by Pandya et al. (1981), and the results are also in line with our own un-
published material.

Further reciprocal connections were seen with the frontal eye field and
the prefrontal cortex of area 9 (Jiirgens 1984), especially when the injec-
tions were placed in the anterior portions of the SMA (personal observa-
tions). Finally, there were relatively weak reciprocal connections with
temporal and parietal association areas (Jirgens 1984; personal observa-
tions). In a most recent anterograde tracing study of the parietofrontal
connections, Petrides and Pandya {1984) found that fibres destined to the
SMA originate in the superior and middle parietal lobe including areas PE
and PGm.

2.4 Anatomical and Electrophysiological Evidence for an SMA
Connection with the Spinal Cord, and the Problem of Somatotopy

2.4.1 Corticospinal Neurones of the SMA

The uncertainties about the existence of corticospinal neurones in the
SMA (cf. Wiesendanger 1981a) have now been clarified: with the method
of retrograde labelling with the marker enzyme HRP, the presence of
corticospinal neuronal cells has been unambiguously demonstrated by a
number of investigators (Biber et al. 1978; Murray and Coulter 1981:
Toyoshima and Sakai 1982; Macpherson et al. 1982a). The density of
corticospinal neurones in the SMA is less than that in area 4, and their
perikarya are, on the average, smaller (20.2 + 4.1 um diameter) than those
of corticospinal neurones in the leg representation of area 4 (39.6+9.1 um;
Murray and Coulter 1981). Camera lucida drawings of labelled cortico-
spinal neurones of the SMA and of medial area 4 (containing the ‘giant
Betz cells) are shown for comparison in Fig. 6. The small size of cortico-
spinal neurones in the SMA probably made it difficult to find a substantial
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100 m

Fig. 6A—D. Labelling of corticospinal neurones in the medial agranular cortex of
Macaca fascicularis. A Outline of a horizontal section. The corticospinal cells are
marked by dots. AS, arcuate sulcus; CS, central sulcus. Note continuous row of cor-
ticospinal cells in medial area 6, opposite to the arcuate sulcus. Arrows indicate the
locations of corticospinal cells shown in C and D. B (inset) Lateral and medial views
of the monkey cortex, showing the orientation of the section. C, D Camera lucida
drawings of retrogradely labelled corticospinal cells of the SMA (C), and of labelied
corticospinal cells of medial area 4 (D)}, after large injection of HRP into the contra-
lateral cervical cord. (Adapted from Wiesendanger and Wiesendanger 1984)

number of such cells by means of antidromic stimulation techniques
(Wiesendanger et al. 1973; Brinkman and Porter 1979). However, an
extensive search for descending corticofugal cells in the SMA with a set of
stimulating electrodes at various levels of the neuraxis produced larger
samples of corticospinal cells than were hitherto reported (Macpherson et
al. 1982b). The distribution of conduction velocities of SMA and area 4
descending projection neurones is illustrated in Fig. 7.

2.4.2 Connections with Spinal Neurones, and the Effectiveness
of Intracortical Stimulation in Activating Motoneurones

Whether corticospinal neurones of the monkey’s SMA impinge directly
on motoneurones is not firmly established. In a short note, Cheema et al.
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Fig. 7A—C. Conduction velocities of SMA and medial area 4 neurones in descending
projection to the peduncle (A), the cervical cord (B), and the lumbar cord (C) in the
monkey. Each histogram represents the caudal-most effective antidromic stimulus of
the respective test. The majority of descending axons of SMA cells were backfired by
the peduncular, but not by the spinal, stimulating electrode. Note low average con-
duction velocity of SMA cells. (Macpherson et al. 1982b)

(1983) reported that corticospinal fibres do not terminate in the moto-
neurone pool. On the other hand, Brinkman (1982) mentions in an
abstract that some degenerating terminals were present in the moto-
neurone pool after lesions of the SMA.

The caudal zone of the SMA was clearly found to be microexcitable by
intracortical stimulation in the awake monkey, which suggests a fairly
close (but not necessarily monosynaptic) relationship to spinal moto-
neurones (Macpherson et al. 1982a). The mean latencies for responses in
proximal and distal muscles were in a range similar to that of responses
obtained with precentral microstimulation in the same animal (Wiesen-
danger et al. 1985a). Recently, we were able to demonstrate that single
pulses of 30 nA or less produced a facilitation of motoneurones that were
tonically active. The latencies of facilitation seen in the electromyograph
(EMG) varied between 5.0 and 9.0 ms for forelimb muscles and between
10.0 and 14.5 ms for hindlimb muscles; these ranges were the same as for
latencies obtained with single-pulse stimulation of the precentral cortex
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Fig. 8A—C. Effects of intracortical microstimulation (ICMS) of the SMA on contra-
lateral trunk muscles (rectus muscle of abdomen). With stimulus intensities below
30 uA, localized, small twitch contractions were detected by palpation. A, B Electro-
myograph recordings revealed a tonic background activity, which was suppressed at a
latency of about 20 ms. A rebound excitation occurred earlier with strong (A) than
with light (B) background activity. € Approximate site of ICMS within the SMA
(dotted area). (Wiesendanger and Hummelsheim, unpublished observations)

in the same animal (cf. also Cheney and Fetz 1985 and Cheney et al. 1985).
Taken together, the above-mentioned anatomical and electrophysiological
findings indicate that there is a fairly direct, possibly even monosynaptic,
linkage of the caudal half of the SMA with spinal motoneurones.

2.4.3 The Preferential Distribution of Corticofugal Effects
on Proximal Muscles

It was originally reported by Penfield and Welch (1951) that prolonged
surface stimulation of the SMA activates preferentially proximal and
trunk muscles. In fact, following ablation of the precentral cortex in
monkeys, SMA effects were limited to proximal and trunk muscles. This
finding was confirmed by Wiesendanger et al. (1973). With intracortical
microstimulation, activation of shoulder muscles was by far the most com-
mon effect (Macpherson et al. 1982a). Movements of the hand could also
be elicited, sometimes together with more proximal twitches, but this was
rare.

Hindlimb effects, usually of the hip region, were also less prominent. It
should be noted that, in our experimental situation, it was difficult to
examine the trunk muscles. However, we repeatedly observed muscle con-
tractions of abdominal muscles, such as illustrated in Fig. 8.
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2.4.4 The Topical and Fine-Grained Organization of the SMA

Results of older studies obtained with prolonged surface stimulation
revealed a coarse somatotopical organization of the SMA. The simiusculus
representation given by Woolsey et al. (1952) is well known; it shows a
rostrocaudal sequence of representations of the head, forelimb, and
hindlimb, respectively. It is noteworthy that in an investigation in mon-
keys, Penfield and Welch (1951) observed a more complex picture,
with hindlimb effects also seen in rostral parts of the SMA. Electrical sur-
face stimulation (Penfield and Weich 1951) or intracortical stimulation
(Talairach and Bancaud 1966) in neurological patients failed to reveal a
rostrocaudal somatotopic pattern.

In our anatomical study (Macpherson et al. 1982a), labelled cortico-
spinal neurones projecting to lumbosacral levels of the cord were more
numerous in the caudal portion of the SMA, which was in agreement with
Murray and Coulter (1981). However, a row of labelled cells was also
found in the more rostral SMA after injections of the marker enzyme into
the lumbar cord (especially in the upper bank of the cingulate sulcus).
This observation fits well with the findings of Penfield and Welch (1951),
who found hindlimb effects in deep portions including the rostral SMA,
and with our own observations after intracortical microstimulation (Mac-
pherson et al. 1982a). Taken together, our previous and some new results
of microstimulation and an analysis of receptive fields in SMA neurones
show a slight rostrocaudal shift with much overlap, between the represen-
tations of the forelimb and of the hindlimb, as illustrated in the histo-
grams of Fig. 9.

The problem of somatotopy in the SMA was further investigated elec-
trophysiologically (Macpherson et al. 1982b). To this end, single neurones
of the SMA were identified by the method of antidromic stimulation, and
the caudal-most projection was established by means of a series of stimu-
lating electrodes along the rostrocaudal extent of the spinal cord. Cortico-
spinal cells were classified as cervicothoracic if they responded to anti-
dromic invasion by the high or low cervical electrode, but not be one
stimulating more caudally. Corticospinal neurones also responding to
stimuli applied to the lumbar cord were termed lumbosacral. Histological
reconstruction of the locations of these corticospinal neurones of the
SMA revealed that the cervicothoracic projection neurones tended to be
located in the mesial wall of the SMA, whereas the lumbosacral projection
neurones were above or below the former group. The results of micro-
stimulation and of recording from corticospinal neurones in monkeys
are thus more in line with the observations of Penfield and Welch (1951)
than with those of Woolsey and co-workers (1952). However, the problem
of somatotopy is still not settled. Using another approach, Brinkman and
Porter (1979) and Tanji and Kurata (1982) have found that activity of
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Fig. 9A—E. Rostrocaudal somatotopic representations in the SMA as revealed by
motor responses to intracortical microstimulation (ICMS) and by analyses of receptive
fields of SMA units in the awake monkey. The responses are plotted on abscissae with
the scale indicating the distances between the microelectrode track sites and the cen-
tral sulcus at its juncture with the midline. The transition between medial areas 4 and
6 was between 7.5 and 9.0 mm rostrally from the central sulcus. (After Macpherson et
al. 1982a and Hummelsheim, Bianchetti, and Wiesendanger, new, unpublished observa-
tions)

single neurones recorded in the awake animal was related either to fore-
limb or to hindlimb movements and that the neurones related to the for-
mer were situated in more rostral tracks in the SMA than those related to
the latter. Likewise the units related to proximal limb movements tended
to be in more caudal tracks than cells related to distal movements (cf. also
Tanji and Kurata 1979). There are, however, a number of problems in
deducing somatotopical principles from such studies. First, with the com-
plex task used by Brinkman and Porter (1979), it is difficult to be sure
that ‘distali’ movements implicate exclusively distal muscles (no EMG
recordings of proximal muscles were made in these studies). The problem
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of selection may also play a role. In the report by Tanji and Kurata (1982)
their Fig. 2 shows only a few recording tracks that were situated caudally
to the arcuate spur (their O coordinate) and were related to forelimb
movements; these tracks were in their hindlimb zone. However, Fig. 2 of
Tanji and Kurata (1979) shows many recordings at the same caudal levels
that had revealed neuronal activity related to proximal forelimb movements.

On the basis of all current evidence, it may be concluded that some
gradient of rostrocaudal organization in the connection of the SMA to
forelimb and lindlimb muscles is consistent with the Woolsey scheme.
However, all investigators seem to agree that there is much more overlap
of representation than in the precentral cortex. Added difficulty in inter-
pretation is caused by the fact that the hindlimb representation of area 4
is contiguous with mesial area 6 (and thus with Woolsey’s hindlimb zone
of the SMA).

A solution of the conflict may be found in more detailed investigations
of the finegrained organization of the SMA. In preliminary experiments,
we have investigated more closely the microstimulation effects by record-
ing the responses from multiple forelimb muscles with seven chronically
implanted EMG electrodes (Wiesendanger et al. 1985b). It was found that
widely distributed muscles could sometimes be activated from a given
efferent zone. Thus, at stimulation thresholds of 30 pA or less, a combina-
tion of muscles were coactivated, such as hand extensors, and triceps
brachii and brachioradialis muscles; or deltoid, brachioradialis, pectoralis
and triceps branchii muscles. Such divergent efferent zones have not been
observed in area 4. This could mean that the efferent zones of the SMA are
more intermingled (and activated simultaneously by the spread of excita-
tion), or that there is a higher degree of collateralization of descending
axons of the SMA than for those of area 4. Both possibilities, the intermin-
gling of efferent zones and a high degree of collateralization, may be of
considerable functional significance, as will be further discussed in Sect. 6.3.

2.4.5 Indirect Influence of the SMA on the Spinal Cord

The indirect influences of the SMA involve complicated, multisynaptic
loops, as detailed in Sect. 2.2.2. The projection to subcortical motor
centres that in turn project further down to the spinal cord is weak. Thus,
the SMA is linked with the parvocellular portion of the red nucleus, which
does not project to the spinal cord. The SMA projection to the reticular
formation is rather sparse. Nevertheless, it is possible that the SMA-reticulo-
spinal system may have contributed to the motor effects observed after
repeated stimulation of the cortical surface at high intensities. According
to Kuypers (1981), area 6 (including its medial protion) controls proximal
and trunk muscles mainly via subcortical motor centres in the tegmentum.
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Finally, a corticocortical link via the precentral cortex also has to be
considered. There is some anatomical evidence that the efferent projection
of the SMA to the motor cortex is organized somatotopically in that the
rostral portion of the SMA connects mainly with the precentral face area;
the middle portion, with the precentral arm area; and the caudal portion,
with the precentral hindlimb area (Muakassa and Strick 1979). Could it
be that the somatotopy observed in some of the single-unit studies in per-
forming monkeys is determined essentially by the corticocortical links?

2.5 Sensory Inputs to the SMA

As outlined in Sect. 2.3.3, the SMA receives prominent (non-reciprocal)
projections from somatosensory cortical areas (SI, SII, medial area 5),
which suggests that the SMA makes use of somesthetic signals to generate
its output. The question also arises whether other modalities may influence
SMA neurones, although no direct afferents from primary visual or audi-
tory areas have been demonstrated.

In man, somatosensory evoked potentials (SEPs) have indeed been
recorded from the region of the SMA (Libet et al. 1975). The latencies
were long (125—165 ms), but the responses were considered to be gen-
erated locally, as evidenced by intracortical recordings. The same authors
also recorded long-latency responses to visual and auditory stimuli. Foit et
al. (1980) recorded similar late evoked responses over the region of the
SMA when stimulating electrically the median nerve.

In lightly anaesthetized monkeys, electrical nerve stimulation elicited
field potentials at latencies of 1030 ms for forelimb nerves and of 15—
30 ms for hindlimb nerves {Wiesendanger et al. 1973). These potentials
were more prominent in the caudal portion of the SMA. It was further-
more noted that forelimb nerve stimulation and hindlimb nerve stimula-
tion were equally effective in eliciting field potentials in Woolsey’s fore-
limb area of the SMA. Many single units tested with these electrical stimuli
were not responsive, but a sample of 23 neurones were discovered which
reacted consistently to peripheral nerve stimulation, often displaying a
convergence from two or more peripheral nerves (Wiesendanger et al.
1973). Brinkmarn and Porter (1979) reported that in awake monkeys the
somatosensory responses to mechanical stimuli were weak, variable, and
complex, with unclear receptive fields. Smith (1979), who tested 24 SMA
cells for response to mechanical stimutation, found that 13 cells reacted to
limb displacements, light pressure, or muscle tapping. In an abstract,
Gallouin and Albe-Fessard (1973) reported that somatosensory responses
were recorded in SMA sites from where motor effects were elicited by
intracortical stimulation. These observations have been confirmed in recent



Recent Developments in Studies of the Supplementary Motor Area of Primates 21

AL B .
89 1

v
2]

£
@

N
20

.
°

s

-56 se 158 258 350 450
% Txu in Mﬂelheconds

Time In Milliseconds
C . = D

£

82
v [

68
£

48
L]

28
T

]
S

- 159 250 35e 450
% Tis\?e in Milliseconds

w o~ ZT M < m
- 8 & & 8

350

58 1 250
Tive In {liﬁiseconds

E e F +108
///M‘
2 \\w/
162

53 358 450 -56 Se 15 256 5@ 4
Tme In m}?nseconds Time In Milliseconds ? %
£ £
G 25 H 58
v b Y
@y ¥ ]
£ E
15 30
N N
18 ]
T 7
S 1
S S e
-] )
-5ed 2008 4569 709 3536 2 o ¢
Tive In mlhsec-{mds 12209 o 7‘?{& In! mumfﬁﬁ? 0000 3738

Fig. 10A—H. Somatosensory responses of a SMA neurone. A—D Peristimulus time
histograms, each obtained during 50 arm displacements either flexing (A, C) or extend-
ing (B, D) the elbow in a passive but awake monkey. The neurone responded con-
sistently with high-frequency discharges and with short latencies to these perturba-
tions, applied at regular (A, B), or at irregular (C, D), intervals. E, F Averaged displace-
ments with flexion (E) and extension (F). G, H The same neurone was also activated
when the monkey reached for food with the contralateral arm (®) or when licking its
fingers (x). Time zero indicated by smail vertical bars. Bin width 1 ms. (Hummelsheim
and Wiesendanger, unpublished observations)

experiments on awake monkeys subjected to passive limb perturbations
(Wiesendanger et al. 1985a). A sample of 102 neurones were collected
which reacted consistently to elbow flexion, elbow extension, or both.
Examples of response patterns are shown in Fig. 10. Responses of these
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neurones were recorded in the region of the SMA from which positive
microstimulation effects were obtained (cf. Sect. 2.4.2). When precentral
neurones of the arm focus were analysed in the same way, similar response
patterns were seen with shortest latencies in the order of 10—15 ms in
both areas. The peak of the latency histogram of SMA cells was, however,
more to the right than that of precentral cells (2030 ms versus 1225 ms,
respectively). The latencies of the somatosensory responses of neurones in
the SMA are compatible with the assumption of a transmission via somato-
sensory or motor cortex.

These finding seemingly differ from those of Wise and Tawnji (1981),
who compared the effects of foot displacements on cells in the hindlimb
zone of area 4 with those on cells of adjoining medial area 6. These authors
found very few cells which were modulated during the displacement of
the foot, and these responses were weak. There may be several reasons for
this discrepancy: first, in our experiments, we were specifically seeking
the perturbation-sensitive cells and found them to be clustered together
with many unresponsive cells between them (on the average, 16% of the
neurones were responsive); secondly, we concentrated our search in those
regions of the SMA where positive microstimulation effects in shoulder
and arm muscles had been observed; and thirdly, in our experience,
occurrences of hindlimb motor effects in the SMA were relatively rare.

The question naturally arises whether the sensory responsiveness of
SMA neurones may contribute to the sensory guidance or triggering of
movements. Recordings of single units in a behavioural context clearly
indicate that SMA cells may use sensory cue signals to generate output.
Thus, in the study of Tanji and Kurata (1982), neural activity of the SMA
was recorded which covaried with hand movements as well as with the
sensory trigger signal that called for the movement. Somaesthetic, visual,
or auditory stimuli were equally effective as sensory cue signals for the
motor response, and the SMA activity was better related with the sensory
signal than with the motor response. Furthermore, the authors found that
the response time of the SMA units to the visual or the auditory cue sig-
nals was shorter than in precentral units tested under comparable condi-
tions. Interestingly, the ‘sensory response’ of SMA cells was closely
dependent on whether a movement followed the triggering signal.

The above results thus indicate strongly that sensory cue signals may
indeed play an important role in generating SMA output and movements.
On these gounds it is suggested that the SMA is not exclusively involved
in self-initiated movements. It must be noted that, whereas the role of
visual signals for modulating premotor neurones in visual tracking tasks is
reasonably well established (see e.g., Kubota and Hamada 1979), the
importance of such signals for the SMA has, to my knowledge, not been
explored in a visual tracking task.
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2.6 Synthesis of SMA Hodology

The SMA hodology as evidenced by anatomical, and to some extent also
by electrophysiological, results may be subsumed under three categories:
the connections with motor, sensory, and limbic systems. Regarding the
first class of connections, there are many paths through which the SMA
may gain access to motor centres. A contingent of output neurones project
directly to the spinal cord which of course provides the most direct link
with the motor apparatus. However, compared with the motor cortex, this
contingent of corticospinal neurones is relatively weak. All other output is
by far more indirect, either via corticocortical fibres impinging on the
motor corfex, or via the two large re-entrance loops which implicate the
cerebellum and the basal ganglia. It may thus be inferred that much of the
activity generated in the SMA exerts its influence on the spinal cord after
a considerable time lapse.

The second class of SMA relationships is relevant to the question
whether the SMA is implicated in the sensory guidance of movements.
The prevalent sensory information that appears to reach the SMA is from
somatosensory areas, but further processed sensory information may
reach the SMA via cortical association areas.

A third class of connections concerns the striking relationship with the
cingulate cortex. In a very general way, this relationship may indicate that
the SMA output s also conditional on ‘internal’ signals (motivation, drive).

3 Single-Unit Activity in Monkeys Performing Learned Movements
3.1 The Timing of Movement-Related Cell Discharges in the SMA

The first reports on single-unit data obtained in monkeys performing a
motor task appeared in the late 1970s. Brinkman and Porter (1976, 1979)
studied SMA neurones while trained monkeys performed a complex fore-
limb task. Tanji and Taniguchi (1978) were interested in correlations with
sensory cue signals triggering a simple arm movement, and Smith (1979)
investigated the implication of SMA neurones in the performance of a
precision grip. Clearly, the objectives and the experimental approach in
these studies were quite different, and this may to some extent explain
the different outcomes. I shall first deal with the question whether neu-
rones in the SMA that were found to correlate with some aspects of move-
ment behave differently from cells in the motor cortex. The specific ques-
tion posed in this section is whether SMA neurones change their firing
rate before movement execution and perhaps even before the activation of
cells in the motor cortex. Obviously, this question is difficult to answer if
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comparable data are not available, i.e. results obtained from the SMA and
from the motor cortex with the same behavioural paradigm and, if possible,
on the same animal by the same investigator. Brinkman and Porter (1979,
1983} concluded that their observations of a lead time of 150—200 ms
with respect to movement onset (as determined from movies} and of only
120—180 ms with respect to EMG onset *“. . . suggest a role for SMA in
the initiation of movements”. This should, however, not be interpreted in
a strict sense, i.e. to mean that SMA activity occurs before that of the
motor cortex. First, the authors have not compared in detail the timing of
SMA cells and motor cortex cells (the latter had been recorded with the
same paradigm by Lemon et al. 1976). Secondly, the authors do not
show histograms of rate changes with respect to EMG or movement onset
time; their EMG recordings were only from muscles of the forearm, but it
is likely that EMG changes in trunk and proximal muscles occurred much
earlier. Finally, the periresponse histograms were plotted at a bin width of
60 ms, which makes it difficult to detect subtle timing differences. The

authors were of course aware of this and also mention that *“. . . the experi-
ments were not appropriate for examining the exact temporal relation-
ships of neuronal discharge to movement performance. . .”. This point is

dealt with in detail because in the subsequent literature (e.g., Roland et al.
1980a; Eccles 1982) the reported lead time of 150—200 ms was taken as
an important argument for the proposed role of the SMA in movement
initiation.

Tanji and Kurata (1979) tested both a shoulder movement and a finger
movement (key press) in the same animals. These movements were elicited
by visual cue signals in a reaction time situation. The mean lead times of
SMA cell activity were 134 ms and 234 ms before key press and shoulder
movement, respectively. These lead times are indeed remarkably long, but
unfortunately, no comparative data for the motor cortex are available
from this test.

The data of Smith (1979), on the other hand, suggest that SMA neu-
rones are recruited rather late in the performance of a precision grip. Move-
ment onset times were distributed broadly, from —470 ms to +500 ms,
with a peak at EMG onset time (time 0). In fact, the majority of the
analysed 59 SMA cells changed their firing rate affer movement onset.
Comparison of these results with those on the motor cortex that were
obtained previously in the same paradigm (Smith et al. 1975) led to the
conclusion that SMA cells were recruited, on the average, 100150 ms
later than motor-cortical neurones! It should be noted that in such a
seemingly distal motor task, proximal and trunk muscles may be coac-
tivated before the distal muscle, which would render the mean interval
between cell activity changes and the earliest EMG onset time even larger.
It might be argued that this late recruitment of SMA cells was due to the
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fact that the trials were self-initiated and not triggered by a sensory
stimulus as in the study of Tawnji and Kurata (1979, 1982). However, the
conditioned movements studied by Brinkman and Porter (1979) were also
self-initiated. In all these considerations, it should be remembered, however,
that the recruitment time for a given movement pattern is highly variable
from neurone to neurone, as was convincingly shown for cells of the motor
cortex (Porter and Lewis 1975). The difficulties arising when one attempts
to interpret the timing of cell discharges in a reaction time situation has
perhaps best been discussed by Ferz (1981): “A fundamental problem in
attempting to demonstrate serial activation of different motor centers is
that any particular region, including motoneuron pools, contains cells that
are recruited over diverse times, making it difficult to interpret the relative
onset times of particular cells in different regions. Moreover, since the
duration of most movements greatly exceeds the conduction time
between centers, recurrent loops could be ‘traversed’ many times during a
single response; thus, the conceptually appealing notion that initiation of
movement involves sequential activation seems difficult to prove.” In this
respect, it should be recalled that the motor cortex has a prominent feed-
back projection to the SMA (cf. Sect. 2.3.1). It is also very likely that the
timing of SMA cell activation depends in each case on the specific inputs
and outputs of a given neurone. For example, the firing of descending
output cells may be closely coupled with a particular movement whereas
that of other neurones may be more intimately coupled with the ‘sensory’
stimulus.

Rolls (1983) has addressed the question of temporal order of neural
events during natural feeding behaviour. In several brain structures, the
earliest changes of neuronal activity were related mainly to visual and
gustatory guiding signals. In an abstract, Thorpe and Rolls (1982) have
now reported that 73 of 125 cells recorded in the SMA were also activated
in relation to feeding movements, such as reaching for food or licking.
Sometimes these changes in cell firing occurred before the movements,
but in all cases the latencies of the response to the eliciting stimuli were
long (170—180 ms). It was concluded from these and previous data that
SMA neurones were not the leading cells in the initiation of the particular
type of motor behaviour; hypothalamic and other cells preceded those of
the SMA, and it was thought that the SMA is more involved in execution
than in preparation of movements.

In summary, the data thus far tend to indicate that a large proportion
of SMA neurones change their discharge rate before an observable move-
ment. However, it would be premature to conclude from these data that
the SMA is more intimately involved in movement initiation than the
precentral motor cortex.
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Fig. 11A B. Responses of an instruction-related neurone of the SMA in a monkey
trained to perform two different tasks, depending on previously presented instruction
signals. Note increased discharge following a ‘pull’ instruction (A) and decreased dis-
charge following a ‘push’ instruction (B). The discharge rate of this neurone was not
time-locked with actual movement. Arrows indicate appearance of instruction signal.
The display spans 1024 ms before, and 1024 ms after, the instruction signal. Bin width:
16 ms. (Tanji et al. 1980)

3.2 Covariance with Instruction Signals

Inspection of time histograms of neuronal discharges that were correlated
with a conditioned movement often revealed that the onset and the peak
of the discharges were not as prominent as commonly seen in neurones of
the motor cortex (Tanji and Kurata 1982; Brinkman and Porter 1979,
1983). Tanji and co-workers were therefore particularly interested in the
question whether SMA-neural activity may reflect the ‘handling’ of instruc-
tion signals for a forthcoming movement rather than the coding of a
motor command (Tanji and Taniguchi 1978; Tanji et al. 1980; Tanji and
Kurata 1982, 1983, 1985; Kurata and Tanji 1985). Accordingly, these
authors chose the strategy of studying the simplest possible movement that
may be conditioned by a series of different sensory cue signals. With a
similar paradigm, previously used by Tanji and Evarts (1976), monkeys
were trained to respond by either pushing or pulling a manipulandum,
depending on whether a green or a red instruction signal appeared before
the ‘go’ signal. From “many hundreds of neurones” recorded in the SMA,
Tanji et al. (1980) collected a sample of 201 neurones related to the
instruction signal. Slightly less than half of the neurones were specifically
related to either the green or the red instruction signal. An example of the
responses of such an instruction-related neurone is shown in Fig. 11. Sig-
nificantly, these neurones showed no relation to the movement per se.
The hypothesis which motivated these experiments is that the SMA might
‘instruct’ the motor cortex how to respond to a forthcoming triggering
event, thus ‘setting’ the responsiveness of the motor-cortical cells.
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Fig. 12A—D. Modulation of
an area 4 neurone by condi-
tioning stimulation of the
SMA in the awake monkey.
The peristimulus time histo-
grams show the responses of
a neurone in the precentral
arm area to 50 imposed
elbow extensions. After
control recordings (A), con-
ditioning electrical stimulus
(intracortical train, 330 Hz,
0.2 ms, about 200 nA)
applied to the SMA reduced
the sensory response o
elbow extension (B). C Sub-
sequent control without
conditioning stimulation.
Bin width: 1 ms. Small
vertical bars indicate time
zero. D Averaged displace-
ment of elbow extensions.
{Wiesendanger and Hum-
melsheim, unpublished
observations)
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In a previous study on anaesthetized monkeys, we have described results
which also provided suggestive evidence for a ‘setting’ role of the SMA.
Conditioning electrical stimulation was found to inhibit the responsive-
ness of area 4 neurones to controlled stretch stimuli of a forearm muscle
(Wiesendanger et al. 1975). We have recently extended these experiments
on awake monkeys subjected to load perturbations (Hummelsheim and
Wiesendanger, unpublished). Again, some of the neurones tested showed a
diminished responsiveness when the load perturbation was preceded by
conditioning electrical stimulation of the SMA (Fig. 12).

In a study with the same experimental paradigm, Tanji and Kurata
(1982) compared SMA neurones and neurones of the precentral motor
cortex. The task of the monkey was to perform, or not to perform, a
simple wrist movement, depending on a sensory cue signal (visual, audi-
tory, or tactile). In general, it was found that SMA cells were more closely
related to the cue signal whereas precentral cells were best related to
movement onset. The latency of the response to the cue signal (except for
the tactile signal) was shorter for SMA neurones, and the onset of the
response was usually brisk. That the response of SMA neurones was not
simply a sensory response was reflected in the fact that it occurred only
when the cue signal was also followed by a motor response. Some neurones
responded similarly to all three modalities tested; others responded dif-
ferently to each modality (Fig. 13).

‘Set” and ‘instruction’-related cells are common in the primate’s frontal
cortex and have been found in abundance in the prefrontal association
cortex (see e.g. Kubota et al. 1974). It was suggested by Kubota (1985)
that there is a gradual shift in the occurrence of such cells, which are most
frequent in the prefrontal cortex and least frequent in the motor cortex,
and that lateral and medial area 6 may be in an intermediate position. It is
clear that response patterns similar to those observed by 7Tawji and his
associates can also be found in the motor cortex, i.e. that the SMA is not
unique in this respect. However, the incidence of setting-related neurones
was relatively low in the motor cortex (Tanji and Evarts 1976).

Fig. 13A,B. Responses of SMA neurones to sensory cue signals. Time histograms and
dot displays of two SMA neurones were recorded in a monkey trained to perform
wrist flexions and extensions in response to visual (VIS), auditory (A UD), and tactile
(TAC) stimuli. The activities were aligned either by stimulation onset (S) or by move-
ment onset (M). Note that unit A increased its firing rate in a similar fashion for all
three signals, and each time the activity was also time-locked with the movement. The
B neurone correlated with the movements triggered by visual and auditory cue signals,
but not with those triggered by the tactile cue. The ordinate scale unit is 40 impulses
per second in A, and 28 impulses per second in B. (Tanji and Kurata 1982)
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3.3 Other Correlations of Cellular Activity in the SMA

Present knowledge of the functional properties of SMA neurones and their
role in motor performance is still very rudimentary. For instance, there is
little information about possible correlations with movement parameters.
Smith (1979) found no relation between discharge frequency and rate-of-
force change when the monkeys had to squeeze a wafer in order to obtain
an alimentary reinforcement. The majority of SMA cells displayed an
increased static firing rate during the time the monkeys were pinching the
manipulandum. The author suggested that the variability in the timing of
the increased discharge rate was indicative of a difference in recruitment
thresholds with respect to the generated force output (these SMA cells
behaved similarly to many precentral cells).

There are also few investigations on the direction specificity of SMA
cells (cf. Kalaska et al. 1983) or their relation to the speed of a movement
(cf. Hamada 1981). Tanji and Kurata (1982) reported that about 50% of
SMA neurones tested in a hand movement task were direction-specific.
Brinkman and Porter (1983) noted, however, that SMA cells were some-
times ... not related to specific movement, but rather showed changes
in discharge frequency throughout a movement sequence’’.

The topological relationships of the SMA have already been discussed
in Sect. 2.3. A rostrocaudal body scheme seemed to be confirmed in the
single-unit studies of Brinkman and Porter (1979), Wise and Tanji (1981),
and Tawnji and Kurata (1982). However, it is our impression (detailed in
Sect. 2.3) that the topological relationships of the SMA are much more
complex. The difficulties in drawing conclusions about topology from
behavioural studies are manifold. Of particular importance is the possibil-
ity that even in a distal motor task subtle changes in proximal and trunk
muscles are likely to occur, but are difficult to control. It is significant
that even in the precentral cortex a considerable proportion of neurones
were found to be related with more than one task. Such neurones may
reflect the collateralization of descending neurones (cf. also Matsunami
and Hamada 1983).

Another point which deserves further study is whether SMA neurones
are implicated in bilateral control of the limbs, as particularly advocated
by Brinkman and Porter (1979, 1983). Tanji and Kurata (1981) reinves-
tigated this problem and found that only less than 10% of the neurones
were equally well correlated with left and right hand movements. This is
a smaller percentage than found for cells in area 4 (Matsunami and
Hamada (1981). It is conceivable that many of the ‘bilateral’ SMA cells of
Brinkman and Porter (1979) may have been best related to trunk or neck
muscles, which were likely to be implicated in the complex movement
task. It is noteworthy in this respect that Tawji et al. (1980) briefly
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described 26 SMA neurones which were best related to the activation of
paravertebral muscles.

Finally, Brinkman and Porter (1979) discovered a small sample of
neurones in the rostral SMA which was thought to be implicated in visual
experience. No formal testing of the visual stimulus and of ocular move-
ments was done, however. The conclusion was based on increased cell
firing observed while a food-retrieving movement was performed to one
side, but not to the other side of the body. This association was condi-
tional on visual feedback. Saccade-related unitary activity was recently
found in the dorsal portion of medial area 6. From this same region sac-
cades could be elicited by microstimulation (2050 pA) at latencies of
45-90 msec (Schlag and Schlag-Rey 1985). The possible role of the SMA
in visuomotor control and visual attention deserves further experiment,
also in view of the striking anatomical relationship of the rostral SMA to
the frontal eye field.

4 The Role of the SMA in Motor Control as Revealed by Lesion Studies
in Monkeys

4.1 General Behavioural Effects and Short-Term Deficits

All investigators seem to agree that SMA lesions in monkeys do not mani-
fest themselves in gross changes of motor behaviour. Locomotion, climb-
ing, feeding, and grooming were reported to be normal. It was noted that
sometimes the arm ipsilateral to the lesion was preferred for grasping and
that there was some neglect of the contralateral arm (Brinkman 1984),
but this was seen only for a few weeks after lesioning.

During the early postoperative period, Brinkman (1984) noted also
some deficits in a formal testing situation requiring the use of independent
finger movements. Food morsels were retrieved, by means of a precision
grip, from slots oriented at different angles over the surface of a board.
After undergoing a unilateral SMA lesion, the monkey was still able to
retrieve the food morsels from the slots, but a frame-to-frame analysis of
video recordings revealed a number of subtle changes in the performance.
Before the lesion, the hand was adequately ‘shaped’ during the reaching
phase for grabbing the food morsel; after surgery, the pregrasp shaping of
the hand was lacking. The grasp was somewhat jerky and less smooth than
before the lesion. Whereas the normal monkeys had a stable course when
they proceeded from one slot to the next, the lesioned monkeys had an
erratic course. Interestingly, the unilateral lesion appeared to affect both
sides.

In a recent abstract, Halsband (1983) reported that animals with SMA
lesions had “severe difficulty in the ability to sequence movements”.
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4.2 Possible Effects on Muscle Tone

The question which cortical area is responsible for the development of
spasticity has been debated for a long time. it appears now that prominent
spasticity is rarely seen in monkeys unless motor-cortical lesions are exten-
sive and bilateral (Tasker et al. 1975). In early investigations, made with-
out quantitative measuring of muscle tone, it was believed that the pre-
motor cortex of lateral area 6 (Fulton 1949), the ‘strip’ region of area 4
(Hines 1936), or the SMA (Travis 1955; Travis and Woolsey 1956; Pinto-
Hamuy 1956) were the crucial areas. However, the results of Coxe and
Landau (1965) obtained in SMA-lesioned monkeys were rather disappoint-
ing in this respect: “‘slight, but inconsistent increase in tonus was noted on
passive manipulation of joints, and particularly upon elevation and rota-
tion of the shoulder (occasionally, increase in biceps and quadriceps tone
was found).” Denny-Brown (1967) reported that monkeys with bilateral
SMA lesions developed ‘‘a mild flexion rigidity”. Brinkman (1974)
described monkeys with extensive lesions of the motor cortex which
included the SMA; they developed a flexion posture with adduction in the
shoulder and flexion in the elbow and in the wrist. When the SMA was
spared but the monkeys were subjected to otherwise similar motor cortex
lesions, the postural changes did not occur. Muscie tone was not measured
in any of the above investigations. As long as quantitative assessments of
stiffness and stretch reflexes in animals with SMA lesions are lacking, it
is not possible to draw any conclusion about the role of the SMA in con-
trolling muscle tone.

4.3 The Role of the SMA in the Automatic Grasp Response

Automatic grasp responses to tactile stimuli are well known to occur in
patients with frontal lobe lesions (4die and Critchley 1927). The ‘instinc-
tive grasp reaction’ (Denny-Brown 1966) and ‘forced grasping’ (Fulton
1949) have been interpreted as release phenomena occurring as a conse-
quence of premotor cortex lesions in monkeys (for a discussion of ter-
minology cf. Wiesendanger 1981a). Later, Penfield and Welch (1951) and
Travis (1955) reported that the critical site for the development of forced
grasping was the SMA; in Penfield’s words. *. .. forced grasping is a
specific sign of removal of the supplementary motor area in the monkey”
(Penfield and Jasper 1954). The problem has been reinvestigated recently
in monkeys trained to perform a conditioned grasp response for obtaining
an alimentary reinforcement (Smith et al. 1981). The task consisted of
squeezing a small wafer with the thumb and another finger and exerting a
given pressure for a 1-s period. The authors describe the deficits as follows:
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“Within 24 hours after the SMA ablations, forced grasping appeared in the
contralateral hand and persisted for one to three weeks. Grasping was
easily elicited by cutaneous stimulation of the volar surface of the hand
and could be augmented by stretch of the finger flexors. The most striking
disturbance of the conditioned precision grip was the animal’s inability to
release the force transducer from its grasp with the contralateral hand. In
contrast, release from the ipsilateral hand remained normal.” These find-
ings were taken to indicate that the SMA exerts an inhibitory control on
the motor cortex (cf. also Sect. 3.2). Electromyograms of flexor and
extensor activities of the contralateral hand are shown in Fig. 14, Alter-
natively, corticospinal neurones of the SMA “...may act directly to
suspend the effects of somatic segmental reflexes allowing voluntary
movements” (Smith et al. 1981). Other investigators, however, failed to
observe forced grasping as a consequence of SMA lesions (De Vito and
Smith 1959; Coxe and Landau 1965; Brinkman 1984).

4.4 Reaction Time Studies in SMA-Lesioned Animals

The delayed release of a conditioned grasp response described in the pre-
ceding paragraph could also be interpreted in terms of prolonged reaction
times (Smith et al. 1981). Surprisingly, there is no other study in which
the generation of a rapid limb movement was tested in a reaction time situa-
tion. If the SMA is pivotal in the initiation of movements, one could expect
an increase in reaction times following bilateral SMA lesions. On the other
hand, triggered movements may be unaffected by SMA lesions if the con-
tention of Liber et al. (1982, 1983a) is correct that the SMA is chiefly
involved in the generation of ‘free-willed’, self-initiated movements. This
question clearly calls for further study.

4.5 The Role of the SMA in Bimanual Coordination

In two monkeys with bilateral SMA lesions, Brinkman (1981, 1984)
observed a peculiar deficit in bimanual coordination. The task, previously
used by Mark and Sperry (1968) in testing animals with callosal sections,
consisted in retrieving currants wedged into holes of a Perspex plate. The
normal animals immediately learned to push out the currant with the
index finger of one hand while cupping the other hand underneath to
catch the currant. After lesioning of the SMA, both hands were used in a
mirror fashion with the two index fingers pushing against each other from
above and below. This approach was of course not very successful; how-
ever, one of the animals, whose lesion was opposite to the nonpreferred
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hand, gradually “. .. developed a number of ‘tricks’ to mask the deficits”.
The interpretation of the results was as follows: the SMA, through its
strong connections with the motor cortex, transmits instructions for a
motor sequence to the motor cortex. Normally, if two different tasks are
required of the two hands, each side influences the ipsilateral motor cor-
tex. After one-sided lesions, the unimpaired SMA would transmit the ‘pro-
grammes’ for bimanual tasks to both sides. Interruption of the corpus cal-
losum would then, according to this hypothesis, prevent the second hand
from doing the ‘same’ thing as the hand ipsilateral to the intact SMA.
Brinkman (1984) found that section of the corpus callosum indeed imme-
diately abolished the bimanual deficit. When monkeys were subjected to
bilateral SMA lesions, the bimanual deficit also failed to occur (Brinkman
1983).

This experiment is of great interest, but other interpretations are at
least conceivable. Also, a number of questions arise from this experiment
for which we have no ready answers. Thus, the ‘programme’ issued by the
SMA would be of a higher order since the ‘mirror movements’ after a
unilateral SMA lesion require different sets of muscles, and the spatio-
temporal sequence of motor-cortical excitation must be different on either
side. A second problem is that apparently centres of the brain other than
the SMA were capable of ‘programming’ the motor cortex, since correct
bimanual performance was achieved immediately after corpus callosum
section and bilateral SMA lesions. The deficit seen with a unilateral SMA
lesion and intact corpus callosum thus appears to produce an imbalance in
the programming of the motor centres of the two hemispheres (Brinkman
1983).

The neural mechanisms of bimanual control are of great interest and
obviously play an important role in the execution of motor skills. Yet,
one has to admit that virtually nothing is known about these mechanisms.
The lesion approach, as reported above and in previous work on callosal
lesions (Mark and Sperry 1968), is an encouraging first step in unravelling
the complexities of involved mechanisms.

4.6 Effects of SMA Lesions on Vocalization

In view of the old observations that in man the SMA is implicated in
vocalization (cf. Sect. 5.2), it was interesting to investigate whether a
similar role is true for subhuman primates as well. Kirzinger and Jiirgens
(1982) reported that bilateral lesions of the SMA in squirrel monkeys
indeed interfered with vocalization. The frequency of spontaneous over-
all vocalization diminished significantly, and this was found to be due
essentially to the decrease of a single type of vocalization, namely the
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so-called isolation peep. This is a self-initiated long-distance call which is
not triggered by other calls. It is presumably a learned and not a geneti-
cally preprogrammed utterance (Kirzinger and Jiirgens 1982). This deficit
was specifically related to the anterior portion of the SMA. The differ-
ential effect on only one type of vocalization is significant because it
proves that the deficit is not a simple motor disorder of phonation. More
recently, Sutton et al. (1985) found that vocal response latency was greatly
increased in a monkey (M. mulatta) with a bilateral anterior SMA lesion,
but also in a monkey with a more anterior lesion in medial areas 8B and 9.

The above observations are of considerable interest because they are so
far perhaps the clearest results from animal work that seem to support the
contention based on human studies that the SMA has a ‘higher’ program-
ming role in self-initiated motor behaviour.

5 Evidence for the Implication of the SMA in Voluntary Movements
in Man

5.1 Lesions Involving the SMA of the Human Brain

The position of the SMA in the human brain is illustrated in Fig. 15. The
case reports are of patients who underwent an excision of the SMA because
of an epilectic focus or of a tumour, or who suffered an occlusion of the
anterior cerebral artery. It must be realized that in many cases either the
exact boundary of the lesion was not known or the lesion proved to
encroach also on neighbouring cortical areas. The first case descriptions
came from the Montreal Neurological Institute (Penfield and Welch 1951,
Penfield and Jasper 1954). Most case histories relate to unilateral lesions;
I have knowledge of only one brief report describing bilateral lesions in
two cases of parasagittal meningioma (Woolsey et al. 1979).

The most striking symptoms of the Montreal cases were a slowing of
movements on the side coniralateral to the lesion (noted e.g. as slowing in
typewriting) and forced grasping. Typically, these symptoms gradually
diminished, but it was noted that some ‘. .. slowness when repeated or
alternating movement is attempted on the opposite side of the body” was
present even as long as 1 year after the lesion. Forced grasping was a
prominent sign for 1-2 weeks after the lesion; during this time the
patients had to exert considerable effort to open their hands. A patient
was described who “...amused herself for a week or two by placing
things in the affected hand and watching its involuntary grasp movement”.
These findings have been confirmed in subsequent reports by Rubens
(1975), Woolsey et al. (1979), Goldberg et al. (1981), and Gelmers (1983).

Talairach and his colleagues (Laplane et al. 1977) described a contra-
lateral reduction of voluntary movements, termed akinesia, in three
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Fig. 15A—D. The SMA of the human brain. A, B Cytoarchitectonic areas according to
the maps of A, Brodman (1925) and B von Economo and Koskinas {1925). According
to cytoarchitectonic definition, the cross-hatched areas (medial area 6 in A FB-FC in
B) correspond to the SMA. C Dorsal view with approximate location of the SMA.
D The SMA in relation to the territory supplied by the anterior cerebral artery (Bailey
1933)

patients who underwent a unilateral excision of the SMA because of an
intractable epileptic focus. The patients’ faces were reported to be almost
motionless and to exhibit ‘“an emotional type facial palsy” (cf. also
Laplane et al. 1976). Furthermore, the patients also had difficulty in gaz-
ing sidewards. Alternating and serial hand movements were performed
awkwardly. Spontaneous speech was markedly reduced. Whereas most
symptoms gradually subsided, the poverty of movements and of spon-
taneous speech remained for a long period. In an abstract, Damasio and
Van Hoesen (1980) mention four patients who had localized lesions in the
SMA (as evidenced by computed tomography [CT] scans) and suffered
from a general lack of “drive for willed movements, including speech and
gesture™,

In two patients with a medial frontal cortex infarction (which also
included some of the leg representation in the paracentral lobule), Gold-
berg et al. (1981) observed a peculiar manipulation disorder which they
termed the alien hand sign. One of the patients would reach out with the
right arm for many objects, apparently unable to inhibit this behaviour
except by holding the affected arm with “the more obedient arm”. Fur-
thermore, ““. . . the right arm was noted to interfere with tasks being per-
formed by the left arm”™. The other patient had a similar tendency to
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produce compulsory goal-directed movements which, according to the
patient, were not initiated by herself (“the arm will not do what I want it
to do”). Goldberg et al. (1981) assumed that these deficits, including the
lack of speech initiation and the strong grasp reflex, were caused essen-
tially by a lesion of the SMA, but the authors did not exclude participa-
tion of neighbouring structures.

Spasticity was not noted in the above cases. However, Russel and Young
(1969) described a series of patients who suffered from missile wounds in
the region of the paracentral lobule on the medial surface. The lesions
included the foot representation of area 4, but may have extended for-
ward to include some of the SMA. Interestingly, lesions with this localiza-
tion led to an immediate spasticity in both legs and sometimes also in one
arm. Whether the SMA played a role in the generation of spasticity in
these cases is unclear. With the present improved possibilities of localizing
neurological lesions rather pecisely in patients, the old but still unresolved
problem of localization of spastic states ought to be reinvestigated.

5.2 The Role of the SMA in Vocalization and Speech

Arrest of vocalization and speech are by far the most frequent effects pro-
duced by electrical stimulation of the SMA in neurological patients. In the
Paris cases, speech arrest was observed in 50% of all incidences of intra-
cortical stimulation (Bancaud et al. 1985; cf. also reports by Talairach and
Bancaud 1966 and Chauvel 1976). A typical sequence, upon prolonged
electrical stimulation, was acceleration of loud counting — arrest of count-
ing — vocalization. However, vocalization may also occur as the first mani-
festation -during electrical stimulation. The motor effects produced by
SMA stimulation (for review of older literature cf. Wiesendanger 1981a)
occurred less frequently than vocalization and speech arrest: arm elevation
and head turning in 33%; deviation of the eyes in 17%; leg movements in
6% of the cases. The authors assumed that vocalization and speech arrest
were not due to spread of current to the cingulate cortex because electri-
cal stimulation of area 24 of the anterior cingulate cortex evoked charac-
teristic distal hand and finger movements but not vocalization (Bancaud
et al. 1976).

The motor manifestations of electrical stimulation have a striking
resemblance to epileptic seizures with a focus in the SMA, with their
contraversive movements of the trunk, elevation of arms, speech arrest,
and saccadic vocalization (see e.g. Talairach and Bancaud 1966; Woolsey
et al. 1979; van Buren and Fedio 1976). Evidence is now accumulating
that lesions in the region of the SMA may greatly interfere with language.
Cases of speech disturbances associated with parasagittal frontal lesions
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were reported by Chusid et al. (1954), Guidetti (1957), Kdrnyey (1975),
Rubens (1975), Alexander and Schmidt {(1980), Damasio and Van Hoesen
(1980), Jonas (1981), and Goldberg et al. (1981). Each of the three patients
of Laplane et al. (1977), referred to above, had a conspicuous poverty of
verbal expression. In the case description of Masdeu et al. (1978), it was
specified that the lesion was on the dominant side and that the concomitant
difficulty in writing persisted until the death of the patient. In two patients
with bilateral lesions of the SMA, described by Woolsey et al. (1979),
“profound aphasia” was noted.

However, it is possible that language is also affected by an SMA lesion
on the non-dominant hemisphere, as recently reported by Gelmers (1983).
The patient *“did not initiate conversation™ and ‘“‘spoke very haltingly in
reply to questions”, but was quite capable of repeating complex phrases
(this language disorder has also been termed ‘transcortical motor aphasia’).

In all cases, a considerable, but not total recovery took place. Green et
al. (1980) described a patient in whom a surgical excision of the dominant
SMA was necessary to remove a large porencephalic cyst which caused
“partial seizures of the postural type”. Postoperatively, the deficits were
minimal, with a transitory slowness of movements but without speech dis-
order or forced grasping. Perhaps recovery had already occurred in this
long-standing lesion, which was present before surgery.

In summary, the observations in patiens with SMA lesions and the
reported effects of electrical stimulation in the human brain tend to con-
firm the original concept of Penfield (Penfield and Jasper 1954) that the
SMA has to be considered a speech area. Some uncertainties remain, how-
ever, because in many cases the exact extent of the lesion was not known
or proved to involve other cortical areas as well. In particular, inclusion
of the cingulate cortex may well have contributed to the reported lan-
guage disorders.

5.3 A New Outlook on the Function of the SMA Derived
from Measurements of Changes in Regional Cerebral Blood Flow

The method of measuring regional cerebral blood flow (rCBF), developed
by Lassen and Ingvar (1972), brought a new dimension to the exploration
of cortical functions in the living human brain. The method rests on the
reasonable assumption that increases in cerebral blood flow are associated
with increased metabolism and thus with increased neuronal (as well as
glial) activity. It was shown that sensory stimulations ‘activated’ the
appropriate cortical areas, and that reading and speaking produced increases
of rCBF in the appropriate language areas of the dominant hemisphere
(Ingvar and Schwartz 1974). What, then, was the outcome when patients
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Fig. 16A—D. Changes in regional cerebral blood flow (rCBF) occurring in the human
brain as a consequence of performance or mentation of various motor tasks. Increases
in rCBF of more than 20% are shown as cross-hatched areas; below 20%, as punctate
areas. A Increase of rCBF (relative to rest) in the pre- and postrolandic areas when
contralateral hand movements were performed. B Shift of the increased rCBF towards
frontomedial regions when hand movements were conceived but not actually per-
formed. Note that the changes occurred over a wide fronal territory. C A complicated
sequence of finger movements, performed with the left hand, resulted in a widely
distributed increase of rCBF in the frontoparietal lobe. Top, lateral views; bottom,
dorsal view, obtained with the same test in another patient. D The same sequence of
finger movements was mentally conceived but not performed. Dorsal view (fop) and
lateral view (bottom) are from two different patients. Note that the increase in rCBF
was concentrated in the medial-frontal cortex. A and B adapted from colour Fig. 2 of
Ingvar and Philipson (1977); C and D, from colour Fig. 2 of Roland et al. (1980a)

were asked to perform motor tasks? As expected, simple, repetitive move-
ments, such as clenching the fist, were shown to activate the somatotopi-
cally appropriate region of the contralateral Rolandic cortex (Olesen
1971; Foit et al. 1980). Interesting were the observations that the post-
central area also displayed a surprisingly high change of rCBF (see e.g.
Ingvar 1977) and that hand movements resulted in activation of a medial
frontal focus, which persisted even when the movement was not actually
performed but only conceived (Fig. 16 A and B; Ingvar and Philipson 1977).
This observation then led to the new idea that the medial frontal cortex may
play a major role in the programming of movements. This was expressed
in the influential paper by Roland et al. (1980a), in which a thorough
investigation of rCBF changes accompanying hand movements and move-
ment mentation was reported. The medial frontal focus was now narrowed
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to the SMA, which was activated bilaterally and only if the motor task
was not a trivial one. A trivial, repetitive task or steady contractions had
little effect on the rCBF of the SMA (Roland et al. 1980; Orgogozo and
Larsen 1979). The most intriguing observation was made when patients
who had practised a complex task (thumb-to-fingers in a complicated
sequence) were asked to imagine the sequence without actually perform-
ing it. This mental act manifested itself in a selective activation of the
SMA on both sides (Fig. 16C and D). SMA activation was therefore a brain
correlate of the translation process from the ‘idea’ to the actual performance
of the movement. The results also suggested that the SMA is involved
only if the voluntary movements demand conscious attention, not if they
are performed automatically. This is the interpretation given by the
authors, which then led Eccles (1982) to formulate his hypothesis about
the role of the SMA in movement initiation as mentioned in the Introduc-
tion.

The importance of rCBF studies on the human brain during the plan-
ning and execution of various motor tasks is undeniable; the method has
already led to increased efforts towards understanding the SMA, which
appears to be particularly involved in these processes. In discussing this
work, it is, however, also necessary to be aware of the limitations of the
method. In the following, I will point out some of the problems:

(1) Patient Selection. Thus far, rCBF measurements had to be performed
with invasive methods, and the available results are from neurological
patients with a clear diagnostic indication for the use of the method. This
situation may change rapidly since non-invasive methods, such as positron
emission tomography, have been introduced, which will permit the
investigation of rCBF in normal subjects.

(2) Temporal Resolution. Essentially, the method provides indirect infor-
mation about changes in the total metabolism of the brain surface occur-
ring about 40 s before the measurements are taken. It is during this time
that the behavioural tests have to be performed. The percentage of devia-
tion from control measurements taken at rest may be interpreted as caus-
ally related to the behavioural performance. The lack of temporal resolu-
tion makes it practically impossible to say in what temporal sequence the
metabolic change of a given brain region occurred with respect to the task.
It is, thus, difficult to establish whether an observed brain process is the
cause or the consequence of the behavioural act.

(3) Spatial Resolution. The method points appropriately to the focus of
changes in rCBF, but it is difficult to establish the extent of altered
metabolism. The changes are conventionally mapped by means of a colour
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code indicating the percentages of changes from rest values. We do not
know the lower limit of the percentages of significant changes. Thus, in
the earlier paper by Ingvar and Philipson (1977), which gives a comparison
of motor performance and ‘motor ideation’, the medial frontal focus was
large and exceeded the SMA, and a significant increase in rCBF was also
noted in the temporal lobe. More generally speaking, the method has its
evident limitation in correlating the brain area showing relative changes in
its metabolism with areas having a distinct cytoarchitectonic and hodologi-
cal definition. In particular, uncertainties remain about the possible impli-
cation of neighbouring cortical areas of the SMA such as the premotor
cortex on the lateral surface, the medial prefrontal cortex, and the under-
lying cingulate cortex.

(4) Specificity of the SMA Involvement. It is not unequivocally established
that the SMA is specifically involved in movement mentation. Voluntary
saccades were found to strongly activate the SMA (Fox et al. 1985). It
should be noted that changes of rCBF in the region of the SMA were also
noted when peripheral nerves were stimulated electrically beyond the twitch
threshold or when the subjects imitated the thumb twitches (i.e. a simple
movement) by voluntary effort (Foit et al. 1980).

To summarize, it appears that the SMA of the human brain is indeed a
‘hot spot’ with respect to movement mentation. However, future studies
will have to clarify the temporal relation of the SMA activation to the
behavioural act, and the precise extent of the implicated brain region.

New methods have recently been developed which provide a much bet-
ter spatial as well as temporal resolution. Computerized positron-emission
tomography is also applicable to deep structures and may be ethically
used with normal subjects (Roland et al. 1982; Fox et al. 1985). More
specific parameters such as glucose consumption or transmitter release
may be assessed. Future studies certainly will provide answers about the
correctness of the interpretations derived from classical rCBF studies.

5.4 Movement-Related Slow Potentials Recorded
From the Vertex in Man

‘Readiness potentials’ (RPs) occurring about 1 s before onset of a self-
paced movement were first described by Kornhuber and Deecke (1965)
and Gilden et al. (1966) and have been taken to indicate readiness to
move. The RPs have a maximum over the vertex (Deecke et al. 1969), and
Deecke and Kornhuber (1978), in a short communication, proposed that
the RP over the vertex signals participation of the SMA. In parkinsonian
patients, it was found that the RP over the Rolandic cortex may be strongly
depressed whereas it remains prominent over the vertex. The authors there-
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fore concluded that the RP generated by the SMA is independent from
that of the Rolandic cortex. Since RPs can be recorded bilaterally over
wide areas of the cerebral cortex, the special role of the SMA in the gen-
eration of these brain events is not obvious. The complicated geometry of
the mesial cortex makes it very difficult to deduce the importance of a
cortical area in generating the RP on the basis of the amplitude of the
potential. In the monkey, Sasaki and co-workers were able to record pre-
movement potentials in triggered and self-paced movements which were
similar to the RP. In a recent paper, Gemba and Sasaki (1984) reported,
however, that the premovement potential recorded intracortically in the
SMA during the performance of self-paced movements was of smaller
amplitude. With visually triggered movements, the premovement potential
in the SMA occurred later than in the motor cortex. Deecke and Kornhuber
(1978) and Boschert et al. (1983) emphasized the particular importance
of the SMA in generating the slow potentials associated with the preparatory
phase of a volitional movement. However, one cannot escape the conclu-
sion that the distribution of the premovement potentials is rather wide,
and that it probably also, but not exclusively, covers the SMA.

There is now a large amount of published data on various aspects of
premovement potentials, but since I have no particular competence to
deal with this subjeet, I will refer the interested reader to a number of
recent reports. Libet and co-workers (1982, 1983a,b) were particularly
interested in studying ‘freely voluntary movements’ and in obtaining
estimates of the temporal relations between the subjective awareness, of
the urge to move and the onset of the RP recorded at the vertex. The
work of Grinewald and Grinewald-Zuberbier (1978, 1983) is concerned
with premovement potentials and larger potentials following these during
aimed movements towards a target (aiming potentials). Jung et al. (1982)
described the slow potentials associated with linguistic and writing tasks.
Finally, Lang et al. (1983) have been interested in the slow potentials
associated with visuomotor learning tasks. For further related work which
cannot be dealt with in this review, see also the papers by Deecke et al.
(1983), Boschert et al. (1983), Kutas and Donchin (1980), Shibasaki et al.
(1980), and the review by Haider et al. (1981).

6 Synthesis on the Function of the SMA
6.1 ‘Low-Level’ Controls of the SMA
Many results of monkey experiments seem to indicate that the SMA

exerts motor control functions at a relatively low level. Thus, the SMA
was found to be organized in discrete efferent zones with a fairly direct
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control on spinal motoneurones. The evidence for this rests on the exis-
tence of corticospinal neurones, on positive intracortical microstimulation
effects, and on the observations of stimulus-triggered facilitation of ongo-
ing EMG activity. In the last-named situation, a single, short pulse of less
than 30 uA is likely to activate only a small volume of cortical tissue (cf.
Cheney and Fetz 1985). As in the motor cortex, a contingent of SMA
neurones was found to respond to somatosensory signals via relatively
direct pathways. Lesion experiments have sometimes revealed changes in
posture and muscle tone, and a release of tactile grasping. Finally, single-
unit recordings in the awake, performing monkey revealed patterns of
neuronal activity that covaried with learned movements much in the same
way as previously described for motor cortex neurones. The problem of
timing has so far not been resolved; in the experiments of Brinkman and
Porter (1979), the onset of cell firing in the SMA appeared earlier with
respect to movement onset than found in similar experiments on the
motor cortex. But Smith (1979) found just the opposite to be true fora
manuati task.

Considering the above-mentioned experimental results, it appears to me
that they are not principally different from those obtained in the motor
cortex. It is likely, however, that there are quantitative differences: there
are considerably fewer corticospinal cells in the SMA (and they are all
of small calibre) than in the motor cortex; there is more overlap in the
somatotopical organization; the effects of intracortical-train and single-
pulse stimulation are much less conspicuous than in the motor cortex;
and finally, the sensitivity to somatosensory signals is restricted to discrete
subsets of neurones of the SMA (mainly non-projection neurones).

It is also important to note that the above results were mainly seen in
the posterior half of the SMA, which appeared to be mostly concerned
with the control of shoulders and trunk.

6.2 ‘High-Level’ Controls of the SMA

Let us first consider the evidence derived from animal experiments. One
important outcome in the experiments of Tanji and Kurata (1983, cf.
Sect. 3.2) was the finding that. neuronal activity was often related to
instruction signals rather than to movement execution. Such neurones
may be considered to subserve programming functions. Also, the neuronal
response appeared to be more tightly linked with the sensory cue signal
used to trigger the movement than with the movement per se. At the
behavioural level, lesion experiments of Brinkman (1981, 1984) revealed
three types of deficits which can be attributed to a loss of high-level con-
trols: (1) a striking deficit of bimanual coordination after unilateral SMA
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lesions; (2) the loss, in a food retrieval task, of the preoperative straight-
forward strategy of removing food morsels from one slot after another;
(3) the observation that the lesioned monkeys failed to shape their hand
in anticipation of the impending grasp. Some of these deficits were dis-
crete, requiring a close frame-by-frame analysis of video tapes, and they
improved rather quickly with time. Finally, the important discovery of
Kirzinger and Jiirgens (1982) must be mentioned, that a learned vocaliza-
tion, the ‘isolation peep’, was abolished following bilateral lesions of the
anterior portion of the SMA of squirrel monkeys. Taken together, these
findings show that in subhuman primates the SMA does indeed play some
role in the initiation of learned movements. In contrast to human cases,
it appears, however, that the general motor behaviour and motor ‘drive’
in subhuman primates are hardly affected by SMA lesions.

In man, the evidence for such a ‘higher’ role of the SMA is more impres-
sive. To summarize briefly: lesions in the region of the SMA lead to a
general reduction of voluntary movements, a kind of akinesia, and to a
striking poverty of spontaneous speech. Readiness potentials, which pre-
cede voluntary movements by almost 1 s, have been found to be largest
over the SMA. Changes in rCBF in the SMA occur during the preformance
of non-trivial motor tasks and even during movement mentation. These
are the main arguments advanced in favour of SMA involvement in the
preparatory phase of voluntary movements.

It is tempting to assume that the structural relationships to the basal
ganglia, the cingulate cortex, and other association areas may be very
important to these high-order functions of the SMA.

In my own work, I have not addressed the question whether the SMA
participates in such high-order controls, and I have therefore not gone into
a detailed critical discussion of such studies, especially not of those on
the human brain. It appears that some of the observations made in
patients may not exclusively be attributed to the SMA. Future studies,
performed with methods providing better temporal and spatial resolution,
will presumably soon bring the answers. Lastly, it should be realized that
complex motor deficits, such as poverty of movements, the ‘alien hand
syndrome’, and poverty of spontaneous speeck (‘transcortical aphasia’)
have sometimes been observed with lesions in the frontal lobe that were
outside the SMA.

6.3 A Proposition that the SMA Exerts a Double Control:
at a ‘Low’ Spinal Level and at a ‘High’ Integrative Level

Given the present evidence, which it is hoped, will be strengthened by
future studies, it is suggested that the SMA exerts a double control: at a
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relatively low level and at a hierarchically higher level, i.e. in initiation
processes of voluntary movements. It may now be appropriate to ask what
the significance of this proposed double role might be. At first sight, the
two functional levels do not fit together at all, and it may even be conjec-
tured that the low-level control of the SMA is a functional attribute left
to the brain of subhuman primates, and that in man, the high-level control
largely dominates and replaces the low-level controls seen in monkey
studies. To some extent, this conjecture may be justified. When comparing
the simian and the human brain, the ‘intermediate’ cortex of Campbell
(1905), which includes lateral and medial area 6, is relatively more
expanded than area 4 in the human brain. It may therefore well be that
the human SMA subserves new, ‘higher’ functions. However, this does not
mean that the ‘low-level’ controls of the SMA were ‘lost’ in the human
brain. Thus, the effects of lesions (changes of muscle tone, forced grasping)
and of electrical stimulation indeed suggest that the SMA of the human
brain exerts more direct influences on the spinal cord.

One might reconcile the two seemingly opposing views on the SMA
function by speculating that the direct influence of the SMA on the motor
apparatus sets the appropriate excitability level of spinal circuits, allowing
anticipatory postural adjustments in advance of voluntary movements. A
similar idea has been proposed by Humphrey (1979). That postural pre-
paration and adjustments accompany most voluntary movements was
clearly recognized by Hess (1943) and has again been emphasized in a
number of more recent studies (e.g. Gurfinkel et al. 1971; Bouisset and
Zattara 1981; Cordo and Nashner 1982; Massion 1984; Hugon et al. 1982;
Jung 1982). Or, to cite Menuhin (1980): “It is a remarkable fact that the
intentions of the violinist in his playing the violin is transposed not only
in movements of his fingers but also in tiny movements of his back
muscles.” It is reasonable to assume that optimal performance of a delicate
motor act, such as playing the violin, also requires optimization in postu-
ral support and correct adjustments. The commands for complex postural
adjustments involving widely distributed muscles of the limbs and of the
trunk must be issued at an early stage of movement initiation. Subsets of
SMA neurones with their dominant control of trunk and shoulder muscles
and with their relatively widely distributed efferent zones may well sub-
serve such a role. Interestingly, it has been reported that patients with
frontal lesions, but without paresis, may lack those anticipatory postural
adjustments (Elner and Gabibov 1977). Firm experimental evidence for
the participation of the SMA in this adjustment task is, however, lacking.
It is also not inferred that the SMA is unique in this respect. Other struc-
tures have previously been considered to be involved, such as the pre-
motor cortex (Delacour et al. 1972; Freund and Hummelsheim 1984) and
the lateral cerebellum (Massion 1984). In monkeys, the caudal SMA is
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perhaps more involved in ‘lower’ controls (cf. Sect. 6.1), and the rostral
SMA, more in ‘higher’ controls such as of vocalization (cf. Sect. 6.2).

7 Open Questions and Avenues for Future Research

In concluding this review, I should like to point to a number of problems
which may be tackled in future studies on the SMA. The search for their
solution will, I believe, provide further important insights into the func-
tioning of the SMA.

7.1 Does the SMA Play a Crucial Role in Transmitting Learned Motor
Programmes to the Motor Cortex?

Experience tells us that we perform our daily motor routines, or habits,
in a rather stereotyped manner, i.e. according to a plan that has some
invariant properties (Viviani and Terzuolo 1980). Intuitively, a motor
learning process can be envisaged which gradually leads to a stable per-
formance of learned motor acts. It is generally assumed that this stable
motor performance is a result of engram formation; the stored program-
mes can then be called forth either by an ‘internal’ signal (drive) or by an
appropriate external cue (trigger) signal.

Is there actual evidence of stored programmes? Which structure is the
repository of a stored programme? How are stored programmes coded in
the brain? How can these programmes be called forth and translated into
a neural message? We are evidently still far from understanding these basic
processes. That programmes are stored in the brain can hardly be denied,
although the evidence for this is rather indirect. Thus, the pioneering
brain-stimulation studies of Hess (1956) made it clear that strings of
instinctive behaviour may be elicited artificially by electrical stimulation
in discrete sites of the diencephalon. Stored experience can also be evoked
by electrical stimulation within the hippocampus of man (‘déja-vu’
experience). Lesions of various areas of the cerebral association cortex
may lead to apraxia, a motor disorder which may be interpreted as a fail-
ure in motor programming. Neither the stimulation studies nor the lesion
studies will, however, tell precisely in which structure the programme is
located.

With respect to the SMA, previous lesion work in monkeys (cf. Chap. 4)
indicates that the general drive to move in the environment and the plans
for the normal movement repertoire are hardly affected by lesions. The
described deficits are subtle, concerning perhaps the ‘microstructure’ of
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motor programmes. For example, it was noticed that slight changes occurred
in the strategy with which objects were handled after unilateral lesions of
the SMA (Brinkman 1984). Perhaps one of the most interesting observations
was a peculiar loss of vocalization. A careful analysis of the typical patterns
of vocalization of squirrel monkeys by Kirzinger and Jiirgens (1982) re-
vealed that a bilateral lesion of the SMA affected only the ‘isolation peep’, a
call which is probably learned and not genetically determined. Perhaps the
deficits in monkeys are mild because monkeys possess only a very limited
repertoire of learned motor patterns that are of a symbolic nature.

Lesion work on the monkey’s premotor cortex (lateral area 6) has pro-
duced a number of deficits, such as impairment of ‘habits’ (Jacobson
1934), impairment of postural adjustments (Delacour et al. 1972), impair-
ment in visual reaching (Moll and Kuypers 1977), impairment of directed
actions in response to different visual cue signals (Halsband and Passing-
ham 1982), impairment of the ability to grasp food in the hemifield
contralateral to the lesion, and hemi-inattention (Rizzolatti et al. 1983). It
seems that the behavioural responses most affected by premotor lesions
are those which depend on sensory (mainly visual) cues. Thus, one might
conclude that the premotor cortex is important in retrieving learned
motor programmes by means of exfernal (mainly visual) cues.

It is now pertinent to inquire which specific programming function the
supplementary motor arca may subserve. The above-mentioned deficit in
vocalization may be interpreted as an impairment of the ability to retrieve
a learned motor program by internal signals or ‘drives’. According to
Roland et al. (1980b) and Halsband (1983), the SMA could also play a
role in sequencing a string of learned motor acts. A change in the sequenc-
ing of picking up food morsels by SMA-lesioned animals was also seen by
Brinkman (1984). Further studies in this direction are clearly needed. For
this purpose, the monkey has to learn a relatively complex task and to
execute it in a fairly stereotyped manner. Some technical difficulties may
arise in sampling relevant parameters of movement trajectory, which make
data reduction from recorded video tapes a necessity. The technique of
reversible dysfunction by a cold-block (Brooks 1983) would be of partic-
ular help in such studies. A close analysis of the temporal structure of
EMG patterns recorded from a number of different muscles should provide
important clues to the role of the SMA in determining the temporal and
spatial innervation patterns. It may even be worthwhile to investigate
whether the well-’known triphasic burst pattern (see e.g. Sanes and Jen-
nings 1984) and the premovement suppression of muscle electromyogra-
phic activity (see e.g. Conrad et al. 1983), may change following an SMA
lesion. Central to the hypothesis discussed in Sect. 6.3 is the question
whether normal anticipatory postural changes occurring in many types of
voluntary movements are lacking in SMA-lesioned animals.
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7.2 Is the SMA of Particular Importance to Bimanual Coordination?

That the SMA may exert a bilateral control has been emphasized repeatedly,
and this rests on anatomical data, single-unit recordings in a task requiring
the right or the left arm, and lesion work with animals trained to perform
a bimanual task (cf. Brinkman and Porter 1983). The remarkable deficit
described by Brinkman (1981, 1984: cf. Sect. 4.5) should manifest itself
when lesioned monkeys are investigated in their natural performance of
handling objects with both hands, such as opening peanuts. Pinto-Hamuy
(1956), who studied the retention of skilled movements after cortical
ablations, ascribed the difficulty in handling objects to the occurrence of
spasticity after lesioning of the SMA.

7.3 Does the SMA Contribute to the Rapid Initiation
of Triggered Movements?

Despite the claim that the SMA may be specifically involved in the release
of self-paced movements, it should be tested whether learned movements
triggered by sensory cue signals are delayed after SMA lesions. It should
be recalled that in the experiments of Tanji and co-workers (cf. Sect. 3.2)
sensory trigger signals of various modalities were quite effective in driving
SMA neurones. Surprisingly, conditioned movements in a reaction time
situation have so far not been investigated in animals subjected to SMA
lesions.

7.4 What is the Relative Timing of Neuronal Activation in the SMA
and in the Precentral Motor Cortex?

Previous conflicting results on the timing of neuronal activation need to
be clarified. In particular, the conditioned movement should be investigated
in detail so that the picture of EMG patterns in distal, proximal, and trunk
muscles becomes as complete as possible. Furthermore, the neurone
populations of the SMA and of the precentral motor cortex should both
be investigated with the same experimental paradigm and in the same
monkeys. The problem bears on the important question whether the
majority of neurones in the SMA are active ‘upstream’ from, or in parallel
with, those of the motor cortex.
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7.5 Concluding Remarks

As outlined in various sections of this review, investigations of the SMA
of the human brain have shed new light on the function of the SMA. In
contrast to observations made in SMA-lesioned animals, patients with
lesions in the region of the SMA exhibit profound deficits in their overall
drive to move in their environment, and spontaneous speech is markedly
reduced. Cerebral blood flow measurements provide further support to
the notion of a possible role of the SMA in the initiation of volitional
movements, and recordings of premovement potentials also point in the
same direction. Thus, these fascinating observations have led the discus-
sion to the philosophical questions of will and intention (Eccles 1982;
Libet et al. 1983a,b). Perhaps the most interesting results on the function
of the SMA will come from clinical-physiological studies. Progress will
presumably be slower in experimental research aimed at elucidating
‘higher’ functions of the SMA in animals.

The SMA of the human brain, together with other ‘premotor’ areas and
the association cortex, has evolved to such a high degree that in many
respects it is not comparable to the SMA of the monkey brain. However,
the SMA of the monkey brain remains an extremely interesting cortical
area, be it only for the fact that within that brain, it constitutes one of the
major sources of afferent inputs to the motor cortex. In any attempt to
understand the motor cortex one ought to take into account the discrete
corticocortical links. One major issue of cortical neurobiology, in general,
will be to understand the functional meaning of the corticocortical ‘slabs’.
They must be important organizing principles of the cortex. With respect
to the motor cortex, the question arises how the somatotopical principle
of organization is matched with the corticocortical interconnections with
the SMA.
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1 Introduction

The hydrophobic lipid bilayer of the red cell membrane is nearly imperme-
able for hydrophilic solutes. Nevertheless, the transport of CO, in the
blood involves arapid exchange of HCO; ~against Cl™ across the erythrocyte
membrane. This exchange is facilitated by an integral membrane protein
with a molecular weight of approximately 97 kDa which constitutes about
25%-30% of the total membrane protein. It can be easily localized on
sodium dodecyl sulfate (SDS) polyacrylamide gel electropherograms,
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where it is found in the third major band from the top. This explains its
designation: the band 3 protein.

Besides the mediation of anion exchange, other possible functions of
the protein have been considered. There are suggestions that it is also
involved in the transport of water (Brown et al. 1975; Sha'afi and Feinstein
1977; Solomon et al. 1982, 1983; Benz et al. 1984; Yoon et al. 1984;
Chasan et al. 1984), sugars (Shelton and Langdon 1983; Acevedo et al.
1981), and cations (Solomon et al. 1982, 1983), but so far no general
agreement seems to exist about their validity.! Other functions could
possibly be related to the capacity of the glycoprotein’s outward-facing
carbohydrate moiety to react with lectins (Findlay 1974; Tanner and
Anstee 1976) and of its inward-facing N-terminal segment to combine
with hemoglobin (e.g., Shaklai et al. 1977; Salhany and Shaklai 1979;
Salhany et al. 1980) and intracellular enzymes (Strapazon and Steck
1976, 1977; Yeltman and Harris 1980). There seems to be little doubt
that it plays an important role in anchoring the constituents of the cyto-
skeleton in the lipid bilayer (Bennett and Stenbuck 1979, 1980; Har-
greaves et al. 1980). These observations and the uncertainties about pos-
sible additional functions explain why the prosaic term “band 3 is
usually preferred to the term “anion transport protein.” Nevertheless,
with exclusive reference to the anion transport function, Wieth and
Bjerrum (1983) proposed to designate the band 3 protein “capnophorin,”
meaning carrier of smoke (i.e., CO, ).

The participation of some protein in anion transport across the red
blood cell membrane was first inferred from the inhibitory action of pro-
teolytic enzymes like pronase (Passow 1971; Knauf and Rothstein 1971)
and papain (Schwoch et al. 1974), and it was suggested that the inhibition
of anion transport by a number of amino-reactive reagents like 1-fluoro-
2,4-dinitro-benzene (N, ph-F) (Passow 1969) and S-methoxy nitrotropone
(Passow and Schnell 1969) was due to the modification of amino groups
of these membrane proteins. In 1964, Maddy synthesized a nonpenetrat-
ing amino-reactive reagent called SITS (see Fig. 14). This compound was
the isothiocyanate derivative of a stilbene disulfonic acid. The discovery
of the participation in anion transport of the band 3 protein was greatly
aided by the use of this and other nonpenetrating stilbene disulfonates,
whose capacity to inhibit anion transport was first recognized by Knauf
and Rothstein (1971). It was shown that these compounds bind nearly

1 A consensus has developed with respect to sugar transport. It is accomplished by
band 4.5 (Baldwin et al. 1979; Kasahara and Hinkle 1977; Carter-Su et al. 1982;
Shanahan 1982; Shanahan and D’Artel-Ellis 1984; Deziel et al. 1984; Mueckler
et al. 1985, Science 229:941-945)
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exclusively to the band 3 protein (Cabantchik and Rothstein 1974a;
Passow et al. 1975), that there exists a linear relationship between inhibi-
tion and binding (Lepke et al. 1976; Ship et al. 1977), and that binding is
complete when all of the 1.0—1.2-10% band 3 molecules per cell are
occupied (Passow et al. 1975, Zaki et al. 1975; Lepke et al. 1976; Ship et
al. 1977; Halestrap 1976). It was finally shown that a half turnover of the
anion transport system moves 10° anions per cell across the membrane,
indicating that virtually all stilbene disulfonate binding sites and hence
virtually all band 3 molecules equally participate in the transport process
(Jennings 1982b).

Insertion of purified band 3 protein into liposomes facilitates anion
exchange (Cabantchik et al. 1980; Ross and McConnell 1978; Kéhne et al.
1981, 1983; Lukacovic et al. 1981; Darmon et al. 1983). Although the
preparations of the authors cited do not demonstrate a reconstitution of
all the details of the kinetics of anion transport observed in the red cell,
there is no doubt that in most of the published reconstitution work, the
inserted band 3 protein accomplishes anion transport by a mechanism that
is essentially similar to that in the intact cell membrane. Nevertheless, one
should be aware that the observation of an enhanced anion transport does
not guarantee a physiological mode of operation of the transport protein.
For example, both lysozyme (Kaplan 1972) and glycophorin (van Hooge-
vest et al. 1983) mediate anion transport in liposomes. The transport
mediated by the latter can even be inhibited by the stilbene disulfonate
DIDS (see Fig. 14), albeit at concentrations several orders of magnitude
higher than required to inhibit band 3-mediated transport.

In recent work by Scheuring et al. (1984, 1985), most of the hitherto
existing limitations of reconstitution work quoted above have apparently
been overcome. After liposome formation by dialysis of a lipid-band 3
mixture and removal of excess detergent by density gradient centrifuga-
tion, they obtained vesicle populations in which all incorporated band 3
molecules were oriented right side out. The anion flux was inhibitable by
H, DIDS or flufenamate at low concentrations similar to those required to
inhibit anion transport in red cells. The kinetics of sulfate transport also
showed the characteristic details known from studies in intact red cells:
saturation kinetics, a pH dependence with a maximum near pH 6.2, and
an activation enthalpy of about 30 kcal/mol.

Using the Sendai virus technigue, band 3-containing liposomes or intact
red cells could be fused with cells other than red cells that do not possess
the anion transport protein. The incorporation of band 3 and the appear-
ance of stilbene disulfonate-sensitive anion transport in the receiving cells
could be demonstrated (Cabantchik et al. 1980). The incorporated band 3
is slowly degraded by the cells (Beigel and Loyter 1983).
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The membranes of all types of cells studied so far are permeable for
anions. In many instances saturable components of anion transport have
been discovered that can be inhibited by stilbene disulfonates (Kleinman
et al. 1981; Langridge-Smith and Field 1981; Smith et al. 1981 ; Kimelberg
1981; Bentley and McGahan 1980, 1982; Bittar et al. 1980; Brodsky et al.
1979; Ehrenspeck 1982; Low et al. 1984 ; Browrn and Simmons 1981 ; Sim-
mons 1981), and Kay et al. (1983) have demonstrated the occurrence in
many‘ nucleated cells (human fibroblasts, neutrophils, mononuclear leuko-
cytes, epithelial cells of the lung and the mouth, liver cells, certain car-
cinoma and neuroblastoma cells) of membrane proteins that are capable
of binding antibodies against human band 3 protein. Nevertheless, the
relationship between these other anion transport systems and that in the
red cells is far from clear.

In all cases that have been studied in sufficient detail, observations have
been made that do not easily fit into the picture obtained in red cells. For
example, in Ehrlich tumor ascites cells, sulfate transport may be inhibited
by stilbene disulfonates up to 80% without concomitant inhibition of Cl~
transport (Levinson 1982). This is quite different from the situation in
human red cells, where the transport of these anion species is affected
equally (Ku et al. 1979). In vesicles made from contraluminal membranes
of the proximal tubular cells of rat kidney, a Na*/SOZ" cotransport which
does not occur in red cells has been observed, although a H*/SO2" cotrans-
port, similar to the cotransport in mammalian red cells, may also exist
(Loéw et al. 1984). In those tissues, where the band 3 protein-mediated
anion transport cannot be expected to predominate to the same extent
as in red cells, a discrimination of saturable anion flux components from
the anion flux mediated by the Na*/K*/Cl; cotransport system described
by Geck et al. (1980) still needs to be accomplished.

A new approach to the question at hand comes from molecular biology.
Cox et al. (1985) have shown that in the avian kidney a specific subset of
kidney cells exists (the columnar epethelial cells of the proximal con-
voluted tubules of cortical nephrons) in which a peptide is synthesized
which has a molecular weight greater than that of the erythroid band 3;it
is synthesized by a mRNA distinct from the mRNA involved in erythroid
development but nevertheless apparently derived from the same single
gene as erythroid band 3. It is as yet unknown whether or not the trans-
port kinetics of the two peptides differ.

There exists a considerable body of literature on anion transport and
the band 3 protein, which is rapidly expanding and which has been
reviewed repeatedly (Cabantchik et al. 1978; Jennings 1984, 1985; Knauf
1979, 1982, 1985; Macara and Cantley 1983; Passow 1982; Rothstein
1982, 1984; Wieth and Brahm 1985). The present review does not attempt
to give an encyclopedic overview of the existing information. Instead,
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after a brief summary of the properties of the band 3 protein and its state
in the lipid bilayer that surrounds the red cell emphasis will be placed on
the presentation of selected observations and ideas about the relationships
between the kinetics of anion transport and the structure of the transport
protein, knowledge of which can be expected to facilitate the evaluation
of the original papers on this subject, including the many papers that
could not be dealt with in this review. First, the flux components of anion
transport will be considered and discussed in terms of penetration across a
channel with variable barrier heights as proposed by Lduger and his asso-
ciates. This encompasses the previously considered Ping-Pong kinetics for
anion exchange. Pertinent equations will be presented and applied to the
problem of recruitment of the transport molecules into outward-facing or
inward-facing conformations. Secondly, after this rather formalistic
description of transport kinetics, the more specific questions about the
chemical nature and arrangement of the amino acid residues involved in
anion binding and translocation will be discussed. Thirdly, and finally, a
brief summary will be provided of currently existing hypotheses about the
molecular details of band 3 protein-mediated anion transport.

The studies of the molecular mechanisms of anion transport have inter-
esting physiological implications with respect to CO, transport in the
blood. These aspects will not be dealt with in this volume. Instead the
reader is referred to a brief pertinent review by Wieth and Brahm (1980)
and to further publications that deal with specific aspects of bicarbonate
transport (Wieth 1979; Wieth et al. 1982a).

2 The Band 3 Protein: Properties and State in the Lipid Bilayer

2.1 Isolation of the Band 3 Protein and Formation of Its Major
Proteolytic Fragments

There exist many convenient methods for the preparation of large quan-
tities of reasonably pure band 3 protein (for review, see Tanner 1979).
Most of them involve the use of ionic or nonionic detergents (see Steck
1974, 1978; Steck and Yu 1973; Yu et al. 1973), although purification
without detergents (after dissolution in acetic acid) has also been employed
(Schubert and Domning 1978). Derivatives that are soluble in aqueous
media without detergents can be obtained by acylation of the protein
(Herbst and Rudloff 1982, 1984). The easy access to the purified protein
has stimulated attempts at peptide mapping (for reviews, see Rothstein
1982 Macara and Cantley 1983; Knauf 1985; Jennings 1985) and amino
acid sequence analysis of some of the fragments (Mawby and Findlay
1982: Brock et al. 1983; Kaul et al. 1983).
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On SDS polyacrylamide gel electropherograms, band 3 protein extends
over a broad molecular weight range of at least 10 kDa. This diffuse
appearance of the band disappears after treatment with suitable glyco-
sidases (Mueller et al. 1979; Fukuda et al. 1979; Jennings et al. 1984), in
agreement with the suggestion that it is largely due to the heterogeneity of
the carbohydrate moiety of the molecule (Drickamer 1978). Such hetero-
geneity has aiready been demonstrated in early studies of the band 3 pro-
tein which showed that about one-fourth of the protein binds conca-
navalin A while the rest binds Ricinus lectin (Jenkins and Tanner 1977).
The carbohydrates are bound to a single asparagine residue in the C-ter-
minal 35-kDa region of the protein (Drickamer 1978). They form a single
oligosaccharide chain of about 30 sugar residues, whose sequence has been
studied by Tsuji et al. (1980, 1981) and Fukuda et al. (1984).

By proteolytic digestion in situ (Drickamer 1976, 1977), it is possible
to split the band 3 protein into a number of well-defined fragments
(Fig. 1). For the purpose of this review, it is necessary to recall (see Steck
1978; Rothstein 1982; Macara and Cantley 1983) that external trypsin
produces no cleavage while internal trypsin splits off a hydrophilic 42-kDa
piece (Lepke and Passow 1976; Grinstein et al. 1978), which is released
from the membrane (Steck 1978) while the remaining 55-kDa piece stays
in the bilayer. When the red cells are treated with external chymotrypsin,
two fragments of 35 kDa and 60 kDa are formed that both remain asso-
ciated with the membrane. When the chymotrypsin-treated membranes
are isolated and then exposed to internal trypsin, the 55-kDa fragment
described above is found to be cleaved into two fragments of 35 kDa and
17 kDa that continue to be associated with the membrane while the
42-kDa piece is detached. The chymotryptic-tryptic 17-kDa fragment
is reduced to 14.5 kDa when the cleavage at the inner membrane surface
is brought about by exposure to chymotrypsin rather than trypsin (Ram-
Jjeesingh et al. 1980a,b). A further reduction of the 35-kDa fragment to
9 kDa is achieved when the chymotrypsin is applied at higher concentra-
tions and low ionic strength (DuPre and Rothstein 1981).

External papain splits the protein at three locations, two of which
reside in close proximity to the chymotrypsin cleavage site that delinates
the 17-kDa and 35-kDa segments. The four fragments formed include one
which comprises about 0.7 kDa of the C-terminal end of the tryptic-
chymotryptic 17-kDa fragment and a similarly small piece (six amino acid
residues) of the 35-kDa segment. Apparently, this fragment is either
degraded by the enzyme or released into the medium. The second frag-
ment includes 65 amino acid residues of the N-terminal end of the 35-kDa
chymotryptic fragment (Jennings et al. 1984) and essentially coincides
with the peptic fragment of Brock et al. (1983) discussed below. The third
fragment extends up to the C-terminus of the band 3 protein. In contrast



68 H. Passow

C-terminus 96
inside? deSH
uSH
180
35Kd 0
4 carbohydrates pepsin
¥ ‘papoian
external 5 7Kd in2 9K¢d
chymotrypsin g tpopo_ 95( pepsin
lgy Papaind
; 17 Kd
inte
chymatrypsin__,
internal
trypsin 40
'ESH
TSH
TSH
42Kd 1op4
N-terminus gL
inside

Fig. 1. Delineation of major proteolytic fragments as obtained after in situ digestion of
human band 3 protein. For more detailed peptide maps, including smaller fragments,
see Ramjessingh et al. (1983), Jennings (1985), and Knauf (1985). Location of the
C-terminus is not yet unequivocally known, but possibly located at the inner mem-
brane surface. Sequence information is available on: (1) 201 N-terminal amino acid
residues of the 42-kDa fragment (Kauw! et al. 1983). The fragment is hydrophilic, does
not cross the bilayer and faces inward. (2) Several regions of the 17-kDa fragment,
comprising about 36% of total amino acid content of that fragment (Ramjeesingh
et al. 1980a; Mawby and Findley 1982), including N-terminal (Jenkins and Tanner
1977; Markowitz and Marchesi 1981; Mawby and Findlay 1982) and C-terminal
(Jennings and Adams 1981) regions. The fragment is hydrophobic and crosses the
bilayer at least three times (Jennings and Nicknish 1984). (3) The 9-kDa peptic frag-
ment (72 amino acid residues, see Fig. 3) of the 35-kDa chymotryptic fragment.
Alignment within the sequence is according to Jennings et al. (1984)

to former beliefs (Jennings and Passow 1979, Jennings and Adams 1981),
the major fragments produced by papain remain hydrophobically associ-
ated with the membrane and are not released into the medium (Jennings
et al. 1984).

Low concentrations of external pronase produce two fragments of
60 kDa and 35 kDa which, on polyacrylamide gel electropherograms, are
indistinguishable from the fragments observed after treatment with
chymotrypsin (Cabantchik and Rothstein 1974b). At higher concentra-
tions or after longer times of exposure, the 60-kDa fragment is further
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digested and anion transport becomes gradually inhibited (Passow et al.
1977).

Mueller and Morrison (1977} discovered that among about 400 random-
ly selected blood donors there were 5%—6% mutants with red cells the
treatment of which with pronase led to the appearance of a fragment of
63 kDa. Most of the individuals were heterozygotes, with band 3 mole-
cules yielding equal amounts of 60-kDa and 63-kDa fragments; two homo-
zygotes were found where only the latter fragments were produced. It is
unknown whether or not there exist other mutants with differences of
the sequence of the peptide chain that do not give rise to recognizable
differences of molecular weight.

The hydrophilic 42-kDa segment carries the N-terminus, the hydropho-
bic 35-kDa segment the C-terminus of the band 3 protein. The former was
found to be an acetylated methionine (Drickamer 1978). The absence of
other end groups suggests the uniformity of the protein. This inference is
supported by the establishment of peptide maps made from slices of the
chymotryptic 35-kDa fragment that appears as a broad band of molecular
weight 35 000—45 000 on SDS polyacrylamide gel electropherograms.
Slices from different regions of certain subfragments yielded a unique
tetrapeptide sequence (Markowitz and Marchesi 1981). These observations
lend no support to speculations about the heterogeneity of the band 3
protein in homozygotes. The results further support the view (see p. 67)
that the apparent heterogeneity of the band 3 protein or its 35-kDa
C-terminal segment is entirely due to variability in glycosylation.

The proteolytic peptides described above could be highly purified
(Steck 1978; Steck et al. 1978) and further cleaved by various chemical
procedures, especially by bromocyanylation (for review, see Rothstein
1982). Peptides as small as 2 kDa have been found (Ramjeesingh et
al. 1982). In this way, it was possible to obtain two fragments of the
14.5-kDa peptide mentioned above, one of 4.7 kDa, the other of 8.8 kDa.
The N-terminal 38 amino acid residues of the latter piece have been
sequenced (Mawby and Findlay 1982). Moreover, it was also possible to
obtain by digestion with pepsin a fragment of the 35-kDa peptide of
about 9 kDa whose sequence has been established (Fig. 3). A fragment of
1.8 kDa of this piece that is exposed to the inner cell surface carries a
cluster of six positively charged groups, three lysines and three arginines
(Brock et al. 1983). The 72 amino acid residues of the 9-kDa fragment
sequenced by Brock et al. have a common N-terminus with the 35-kDa
chymotryptic fragment (Jennings et al. 1984).

Peptide maps of the 42-kDa water-soluble fragment have been published
(Fukuda et al. 1978) and the amino acid sequence of 201 N-terminal
amino acid residues has been reported (Kau!/ et al. 1983).
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Fig. 2. a Amino acid sequence of the 42-kDa domain of murine
365) according to Kopito and Lodish (1985).
b Amino acid sequence of the 55-kDa domain of murine band 3 (residues 366-929).
According to Kopito and Lodish (1985). The amino acid residues between the 2 hori-
zontal lines are predominantly hydrophobic, those above and below the lines are
predominantly hydrophilic. Accessibility to chemical modification {a) from the out-
side: Lys-449, Lys-558 (or Lys-561), Tyr-572, Tyr-646, {(b) from the inside: Tyr-614,
Cys-861, Cys-903, and (c) from the inside of the bilayer: Lys-608. The tryptic 55-kDa
peptide (which forms the membrane-associated domain) comprises the 17-kDa pep-
tide from Lys-366 to Tyr-572 and the 35-kDa peptide from Ala-573 to Val-929. The
carbohydrates are presumably attached to Asn-660. The folding corresponds to the
hydrophobicity plot in Fig. 2¢ and follows essentially the suggestions made by Kopito
and Lodish except in the C-terminal region beyond Arg-800, where the folding was
modified to take into account that Cys-861 and Cys-903 are believed to be located
at or near the inner membrane surface. Kopito and Lodish assume that segment 11
penetrates all the way through the bilayer, that the hydrophobic region between
Asp-825 and His-852 faces the outer surface and that the hydrophobic segment from
Leu-853 to Leu-887 is again traversing the membrane. They leave it open whether the
C-terminus faces the inside or the outside. The folding depicted in b serves o demon-
strate the alternation of segments with high and low hydrophobicity. It does not
necessarily represent the actual folding in the membrane and the horizontal lines do
not necessarily coincide with the outer and inner surfaces of the lipid bilayer. The
actual folding could, for example, include transmembrane segments with high hydro-
phobic momentum {(as defined in Fisenberg 1984) rather than high hydrophobicity, as
suggested in the figure
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Fig. 2¢c. Hydrophobicity plot of the amino acid sequence of murine band 3. The
hydrophobicities were averaged over windows of 21 amino acid residues. The hydro-
phobicity values assigned to the individual residues are the consensus values of Eisen-
berg (1984). Modified, according to Kopito and Lodish (1985). The numbers designat-
ing the various peaks refer fo the transmembrane segments represented in Fig. 2b

It is noteworthy that in spite of the immense effort made in many com-
petent laboratories, only minor pieces of the amino acid sequence of the
hydrophobic transport-related domain of the band 3 protein have been
established. One of the major reasons for the slow progress was due to the
hydrophobicity of many of the cleavage products, which made it difficult
to separate them from one another. Recently, however, Kopito and
Lodish (1985) succeeded in isolating cDNA clones of the full length of the
message for mouse band 3 protein. The sequencing of the cDNA does not
encounter the difficulties involved in amino acid sequence analysis and
was accomplished with standard procedures. The complete sequence
obtained by these authors is represented in Fig. 2a.b.

There exists a considerable sequence homology between mouse and
human band 3 (Fig. 3). The C- and N-terminal amino acid residues (valine
and methionine, respectively) are the same in the two species, and the
molecular weight of 103 000 daltons (corresponding to 929 amino acid
residues) predicted from the sequence is close to the estimates of 90 000—
100 000 obtained by SDS polyacrylamide gel electrophoresis of human
and mouse band 3 protein. The sequence homology is least pronounced
at the hydrophilic N-terminal 42-kDa portion of the peptide chain and
quite striking for the pieces of amino acid sequence known to form the
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Fig. 3. Sequence homologies between mouse (M) and human (H) band 3 protein.
According to Kopito and Lodish (1985). The partial amino acid sequences of human

band 3 are from () Kaul et al. (1983) (2) and (3) Mawby and Findlay (1982) and (4)
Brock et al. (1983). The numbers refer to the locations in the murine band 3 sequence
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transmembrane portion of the peptide chain (see Fig. 3), including the
C-terminal end where eleven of the twelve residues determined by carboxy-
peptidase Y digestion of human band 3 agree with the sequence predicted
from the analysis of mouse cDNA.

The known amino acid sequence has been used in an attempt to explore
the disposition of the band 3 protein according to the hydrophobicity of
the various portions of the peptide chain. The “hydrophobicity plot”
(Eisenberg et al. 1984) agrees with the notion that the hydrophilic 42-kDa
segment (comprising in murine band 3 the 365 N-terminal amino acid
residues) does not cross the lipid bilayer. The remaining portion of the
peptide chain which is known to be associated with the lipid bilayer,
shows 13 or 14 alternating regions of high and low hydrophobicity. The
low hydrophobicity regions predominantly carry basic amino acid residues,
except in the hydrophilic C-terminal region where there are no less than
eleven aspartate or glutamate residues among the extreme 32 amino acid
residues. Kopito and Lodish refer to this region as a third domain of the
band 3 protein.

Although it is outside the scope of this volume, this section may be
concluded by a brief summary of studies on the biosynthesis of band 3
protein. Publications from two independent research groups (Lodish and
Braell 1982; Braell and Lodish 1981, 1982; Sabban et al. 1980, 1981; see
also a review by Sabatini et al. 1982) report the successful expression of
band 3 messenger RNA isolated from erythroid spleen cells of anemic mice
in cell-free systems. When microsomal membranes are present, a cotrans-
lational glycosylation and insertion into the lipid bilayer occurs. The
primary translation product is not proteolytically processed, neither co-
nor posttranslationally. The incorporation into the lipid bilayer seems to
be initiated, therefore, by an internal signal sequence that, according to
Lodish and Braell (1982), is located about 55%—60% of the distance from
the N-terminus. This signal sequence can be expected to remain as a
permanent transmembrane segment of the mature protein. Since the pep-
tide chain crosses the membrane several times, multiple intrapeptidal sig-
nals for insertion, transfer, and stops may be involved. Once the band 3
protein is inserted into the endoplasmic reticulum (ER) membrane of the
intact erythroid cell, it becomes transferred, virtually quantitatively, to
the plasma membrane.

Messenger RNA isolated from erythroblasts of the spleens of anemic
mice has been injected into prophase-arrested oocytes of Xenopus laevis.
In five successful experiments, chloride transport was enhanced about
threefold above the control level observed in uninjected oocytes. The
additional flux could be inhibited by stilbene disulfonates (H, DIDS,
DNDS; see Fig. 14) while the control flux in the uninjected eggs could not
be inhibited. In other experiments, the presence of band 3 protein in the
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cortices of the oocytes (which contain the plasma membrane) could be
demonstrated by immunoprecipitation with antibodies against mouse
band 3 protein. The binding of H, DIDS to the inserted band 3 protein
could not be demonstrated directly. Assuming that the turnover number
per band 3 protein in the plasma membrane of the oocyte is about the
same as in the red cell, one can estimate that the band 3 molecules suffi-
cient for about 20 red cells became incorporated into the plasma mem-
brane of each single oocyte. The specific activity of the *H, DIDS avail-
able would not suffice for the detection of this small number of band 3
molecules (Morgan et al. 1985).

In conclusion it may be added that posttranslational modification of
band 3 in mature human red cells includes the methylation (presumably
of D-aspartyl residues) by a cytosolic carboxyl methyltransferase [see
O’Connor and Clarke (1983) for references] and the phosphorylation of a
tyrosine residue in the 42-kDa cytoplasmic segment by a membrane-
associated tyrosine kinase [see Dekowski et al. (1983) for references].

2.2 The Two Domains of the Band 3 Protein (Fig. 2a, 2b)

The hydrophobic 55-kDa fragment and the hydrophilic 42-kDa fragment
that are obtained after cleavage by internal trypsin form two rather
independent domains of the band 3 protein with different functions
(Guidotti 1980; Lysko et al. 1981; Snow et al. 1981). The former is
essentially responsible for anion transport, the latter for the binding of
cytoskeletal proteins and, possibly, intracellular proteins.

Theoretically, one would expect that 28—35 amino acid residues
(about 3—-3.7 kDa) are required to form a peptide chain that traverses the
lipid bilayer once.? Thus, in principle, the peptide chain of the 55-kDa
domain could penetrate the bilayer about 15 times. There is evidence to
the effect that it actually does traverse the bilayer at least five times
(Tanner et al. 1980; Ramjeesingh et al. 1984). This evidence is essentially
derived from investigations of the peptic in situ digestion of the band 3
protein. While the membrane-bound products of the digestion by other
enzymes include relatively large fragments, pepsin only produces products
of about 4 kDa. This corresponds roughly to the size of peptides that can
cross the bilayer only once and suggests that pepsin solubilizes all exposed
portions of the band 3 protein while only the 4-kDa membrane-spanning

2 According to Fisenberg et al. (1984), 21 hydrophobic amino acid residues in
a-helical arrangement suffice to traverse the lipid bilayer once. Some additional
residues are required to form the loops outside the bilayer, which connect con-
secutive transmembrane segments of the peptide chain
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fragments survive. Five different peptic membrane-bound peptides have
been identified (Ramjeesingh et al. 1984).> New evidence (Jennings and
Nicknish 1984) and a careful reevaluation of the data hitherto available by
Jennings (1985) and Knauf (1985) suggests that the peptide chain crosses
the lipid bilayer at least seven times, the tryptic-chymotryptic 17-kDa
fragment three times (Jennings and Nicknish 1984) and the 35kDa frag-
ment four to five times (Jennings et al. 1984).

The hydrophobicity plot (Kopito and Lodish 1985, see Fig. 2¢) would
suggest that the peptide chain of the membrane-associated region of the
band 3 protein may traverse the lipid bilayer 12—13 times, and hence
more than the 7 times predicted on the basis of the existing information
on the peptide itself and less than the 15 times predicted as the maximal
number of crossings that is feasible for a peptide chain of 509 residues.
Studies on the sidedness of the chemical and enzymatic modification of
the band 3 protein in situ are required for independent verification of the
number of crossings derived from the hydrophobicity plot. The currently
available data are still inadequate, but nevertheless, some correlations can
be established and some of the crucial questions that need to be answered
can be pinpointed.

The membrane-associated region (Fig. 2b) is usually counted from the
cleavage site for intracellular trypsin, which forms the N-terminus of the
17kDa fragment and, in the mouse band 3, is located at Lys-366. There
follows a highly charged hydrophilic piece of the peptide chain, up to
Ala-419, which is rich in arginine, tyrosine, and aspartate residues. This
piece is quite evidently located outside the bilayer at the inner membrane
surface. The next amino acid residues up to Lys-449 are almost exclu-
sively hydrophobic and thus are likely to reside inside the bilayer. They
may form an a-helical structure, although two prolines, one at the inner
surface (422), the other inside the bilayer (438), may more or less inter-
rupt the regularity of the helix. Lys-449 itself is located at the outer
membrane surface, as was demonstrated by reductive methylation with
14 C-formaldehyde and borohydride (Jennings 1982a). Met-454 represents
the exofacial beginning of the partial amino acid sequence obtained by
Mawby and Findlay (1982). It extends up to Glu-492, whose location
relative to the bilayer is unknown. On the basis of the hydrophobicity
plot, Kopito and Lodish suggest that the segment of the peptide chain
from Met-454 to Glu-492 forms an a-helix which traverses the membrane
and returns to the outer surface, thereby forming a hydrophobic loop
within the bilayer and possibly without exposure of the peptide chain to
the medium at the inner membrane surface.

3 The 20-kDa piece of Brock et al. {1983) mentioned on p. 69 has been obtained by
less exhaustive peptic digestion. It penetrates twice across the lipid bilayer (see
Fig. 2b)
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Cys-498 is difficult to label (Rao 1979; Ramjeesingh et al. 1982; Jen-
nings et al. 1984). It has been suggested, therefore, that it is located inside
the bilayer, and the hydrophobicity data would suggest that it resides near
the outer surface where the hydrophilic segment emerges, which ranges
from Glu499 to Arg-509. An intracellular location of Cys-498, however,
cannot be entirely excluded, since ‘‘stripping” of the ghost membrane
with NaOH, (which leads to the release of membrane proteins attached to
the inner membrane surface; Steck 1974) facilitates the reaction of this
residue with NEM (Jennings et al. 1984).

One of the two lysine residues 558 or 561 (probably 558) is identical
to Lys @, which is involved in cnvalent bond formation with one of the
isothiocyanate groups of H, DIDS (Jennings and Passow 1979; Rudloff
et al. 1983). This residue is accessible only from the outer membrane sur-
face but seems to be located just inside the bilayer (see the discussion of
the structure of the stilbene disulfonate binding site on p. 173ff.).

The cleavage of the peptide by external chymotrypsin occurs at Tyr-
572, which forms the C-terminus of the tryptic 17-kDa fragment. This
residue is located inside the small fragment which is digested or released
after exposure to external papain and which extends from near Leu-568
as its N-terminal end up to Gly-583 as its C-terminal end. Beginning at
Ala-573 and overlapping with this peptide fragment is the peptic fragment
of 72 amino acid residues sequenced by Brock et al. (1983). This fragment
loops across the membrane up to Glu-648, which, in the human red cell is
replaced by a glycine residue (see Fig. 3). In the human red cell, Lys-608
is still in a hydrophobic environment while Tyr-614 is susceptible to
iodination by the lactperoxidase method from the inside and hence is ex-
posed to the inner surface (Brock et al. 1983). The C-terminus at Gln-648
exceeds the papain fragment P, (Jennings et al. 1984), which begins at the
N-terminal Gly-583 and ends at the C-terminal Thr-647. Twelve amino
acid residues beyond Thr-647 towards the C-terminus of band 3 is located
Asn-660, the single attachment point for the carbohydrates (Kopito and
Lodish 1985), which projects into the external medium. The peptide
chain is still accessible to iodination by means of external lactperoxidase
at Tyr-674, suggesting that the chain dips into the bilayer byond Arg-675,
where a series of hydrophobic amino acid residues follows. In other
words, the peptide chain emerges near Lys-3558 at the outer face of the
bilayer, forms a hydrophilic bulge of about 26 amino acid residues, and
disappears again in the bilayer near Pro-584. It then forms a loop which
contacts the inner surface, returns to the outer surface and does not enter
the bilayer again before Tyr-674.

Beyond this point of the peptide chain, no further independent infor-
mation is available that could support the inferences drawn from the
hydrophobicity plot. The only exceptions are the cysteine residues 861
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and 903. In the human red cell membrane both residues are located at the
inner membrane surface (Rao 1979; Ramjeesingh et al. 1982). If the
localization of these residues is the same in the mouse red cell membrane,
it will be necessary to postulate that the hydrophilic C-terminal peptide
chain from Cys-903 up to Val-929 faces the cell interior. The intracellular
focation of Cys-861 is difficult to reconcile with the existence of trans-
membrane helices 11 and 12 which, according to the hydrophobicity plot,
could form a loop across the membrane. Perhaps the amino acid residues
between Arg-800 and Asp-825 form a hydrophobic pocket which does not
penetrate all the way across the lipid bilayer. If so, the hydrophilic region
between Asn-825 and Glu-858 would protrude into the internal medium,
leaving Cys-861 near the inner surface and accessible to modification by
NEM. The subsequent 28 amino acid residues (up to Leu-887) could again
form a loop in the bilayer which does not penetrate to the opposite sur-
face. In accordance with the hydrophobicity plot, the C-terminal domain
would then begin with the arginine residues 888 and 889. It would be
exposed to the inner membrane surface with Cys-903 susceptible to modi-
fication by NEM from the inside.

The folding of the peptide chain according to the hydrophobicity plot
(assuming that the chain from Arg-800 up to the C-terminal Val-929 does
not penetrate to the outer surface of the bilayer) assigns 15 basic and
12 acidic groups to the outer surface, and 33 basic and 31 acidic groups to
the inner surface. Inside the bilayer the plot locates two basic amino acid
residues (both of which are lysine residues in transmembrane segment 5)
and five acidic amino acid groups (two of which are located in transmem-
brane segment 5). Thus the chosen arrangement of the peptide chain sug-
gests that there are no strongly amphiphilic transmembrane segments that
are likely to form aqueous pores lined with charged groups. Also, neither
the serine nor the threonine residues can be arranged to provide an un-
charged, hydrophilic lining. Accepting that the folding occurs according to
the hydrophobicity plot requires one to stipulate that anion transport
across the bilayer would take place through pores with hydrophobic walls
formed as the consequence of incomplete packing of adjacent transmem-
brane segments of the peptide chain. The existence of such pores is known
for the gramicidin channels, although the structure of the pores across the
band 3 protein would certainly be different. Nevertheless, one is left with
the uneasy feeling that pores formed by the amphiphilic segments of the
peptide chain, which the hydrophobicity plot locates in the surfaces of
the bilayer, could also be assumed to constitute transmembrane segments
provided their hydrophilic amino acid residues face one another while the
hydrophobic amino acid residues face the lipids of the bilayer or the
hydrophobic face of adjacent helices. Thus, much further work is required
until more realistic propositions can be made concerning the disposition



Molecular Aspects of Band 3 Protein-Mediated Anion Transport 79

of the peptide chain in the bilayer. The disposition suggested by Kopito
and Lodish (as modified above), nevertheless, does not seem to be unre-
alistic, since a folding of the peptide chain which would lead to the estab-
lishment of pores formed by amphiphilic segments of the peptide chain
would probably require the exposure of strongly hydrophobic segments of
the peptide chain to the interface between the bilayer and the adjacent
aqueous media, or the existence of further, incompletely penetrating
hydrophobic loops, similar to the loops suggested for segments 2 and 3,
11 and 12,13 and 14.

Both the 17-kDa and the 35-kDa fragments of the 55-kDa domain are
involved in anion transport (Jennings and Passow 1979). Moreover, cleav-
age by papain of the extrafacial 35-kDa chymotryptic fragment at dis-
tances of 6 and 7 amino acid residues from the N-terminus (Jennings et al.
1984) leads to an inhibition of anion equilibrium exchange (Passow et al.
1977, Jennings and Passow 1979) and reduces the affinity for noncovalent
stilbene disulfonate binding (Jennings and Adams 1981; Lieberman and
Reithmeier 1983). Both fragments contain targets for covalently binding
chemical modifiers of anion transport. Thus, there exists at least one
lysine residue in the C-terminal region of the 17-kDa fragment (probably
Lys-558) that is located near the outer surface and combines with inhibi-
tors such as isothiocyanate derivatives of stilbene disulfonates (Ramjee-
singh et al. 1981; Williams et al. 1979; Jennings and Passow 1979; Lieber-
man and Reithmeier 1983), isothiocyano phenylsulfonates (Mawby and
Findlay 1982) and 1-fluoro-2,4-dinitrobenzene (N, ph-F) (Rudloff et al.
1983). The 35-kDa fragment also contains binding sites for amino-reactive
modifiers of anion transport like H, DIDS (Jennings and Passow 1979),
pyridoxal phosphate (Nanri et al. 1983; Matsuyama et al. 1983), form-
aldehyde (Jennings 1982a), phenylisothiocyanate (Lys-608, Kempf et al.
1981), and N, ph-F (Rudloff et al. 1983). In addition to the lysines, at
least one transport-related arginine residue resides on the 35-kDa segment
(Bjerrum et al. 1983). Modification with agents that combine preferentially
with tyrosines (e.g., tetranitromethane) or histidines (diethyl pyrocarbo-
nate, diazosulfanilic acid) either produced no effect or when they pro-
duced an effect (as did the two histidine reagents) their effects could not
or at least not solely be attributed to a modification of the expected tar-
get groups (Raida, Lepke, and Passow, unpublished work). Carbodiimides
inhibit, presumably by modification of carboxyl groups (Andersen et al.
1983), but their site of action is unknown. Although both the 17-kDa and
35-kDa fragments contain SH groups, SH reagents do not seem to affect
anion transport.

In the native protein the 42-kDa fragment forms an elongated piece
that protrudes into the cytosol (Appell and Low 1981). It contains three
SH groups (Rao and Reithmeier 1978; Rao 1979), each of which is capable
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of forming an S-S bridge with the 42-kDa fragment of an adjacent band 3
molecule to constitute a dimer. Once one S-S bridge has been established,
the other two SH groups are protected against further oxidation and
hence no more than one cross-link can be formed (Reithmeier and Rao
1979).

The 42-kDa fragment binds the cytoskeletal protein ankyrin (Bennett
and Stenbuck 1979) or cytosolic proteins like hemoglobin (Salhany et al.
1980), aldolase {(Murthy et al. 1981ab), glyceraldehyde-3-phosphate
dehydrogenase (Tsai et al. 1982), phosphofructokinase (Karadsheh and
Uyeda 1977; Higashi et al. 1979) and anti band 3 antibodies (Low et al.
1984).

Binding of the cytosolic proteins seems to take place near the N-ter-
minus, where, within a piece of 33 amino acid residues, not a single one is
basic and eight are acidic (Kaul et al. 1983). The minimal sequence struc-
ture involved in protein binding was further narrowed down by measur-
ing the competition between peptides generated from the N-terminal
23-kDa fragment of the 42-kDa domain and the 42-kDa domain of the
intact band 3 protein for a number of the cytosolic proteins that are
known to bind to the band 3 protein (hemoglobin, aldolase, glyceralde-
hyde-3-phosphate dehydrogenase). The most effective competitor was an
acid cleavage peptide of 23 amino acid residues, beginning at the (blocked)
N-terminus and including 14 negatively charged amino acid residues
(Tsai et al. 1982; Murthy et al. 1984). Protein binding is easily measur-
able only at low ionic strength and low pH, suggesting the involvement of
ionic bonds. It is modulated by the presence of coenzymes and phosphoric
acid esters (Kliman and Steck 1980a,b). It is not clear to what extent this
binding takes place under physiological conditions.

There exists some evidence for hemoglobin binding to band 3 in the
intact red cell (Eisinger et al. 1982) but direct measurements of hemo-
globin binding to inside out vesicles showed no binding at physiological
pH and ionic strength, even at high hemoglobin concentrations (Wiede-
mann and Elbaum 1983). The binding of glycolytic enzymes has also not
yet been shown in the intact cell, although there exists evidence for the
accumulation of certain of these enzymes near the Na-K pump (Mercer
and Dunham 1982). For the glyceraldehyde-3-phosphate dehydrogenase,
there are conflicting reports. The data of Maretzki et al. (1974) and
Saleemuddin et al. (1977) suggest that binding at physiological pH and
jonic strength is negligible. These authors attribute the appearance of the
glyceraldehyde-3-phosphate dehydrogenase on SDS polyacrylamide gel
electropherograms of the isolated membrane to an artifactual binding of
the enzyme at the low ionic strength usually used for the preparation of
the membranes. Kliman and Steck (1980a,b) observed that the release of
the enzyme after hemolysis by saponin is slower than the release of hemo-
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globin. An analysis of the time course of reequilibration of the enzyme
after hemolysis led them to the conclusion that, in the intact cell, about
two-thirds of the glyceraldehyde-3-phosphate dehydrogenase is bound to
the band 3 protein. Kelly and Winzor (1984) reinterpreted the previously
published data about the binding of glyceraldehyde-3-phosphate dehydro-
genase and aldolase on the assumption that these enzymes bind to the
band 3 protein in their tetrameric forms. They think that the previously
published conflicting claims about the binding of glycolytic enzymes to
the band 3 protein under physiological conditions will be resolved when
more information becomes available on the thermodynamic properties
in concentrated solutions, notably on the covolumes of all reactants
involved.

Although the question of the binding of native intracellular proteins to
the band 3 protein under physiological conditons is still controversial, it
has been postulated that at least denatured hemoglobin is capable of
firmly associating with the 42-kDa domain in the intact red cell. This
association is supposed to occur in the intact red cell after naturally occur-
ring or phenylhydrazine-induced hemoglobin denaturation and to lead to
a clustering of the band 3 molecules. These clusters provide the recogni-
tion sites for antibodies directed against senescent red blood cells. The
bound antibodies are then responsible for the removal of the aged red cells
from the circulation (Low et al. 1985).

Kopito and Lodish (1985) have discussed in detail the available informa-
tion concerning the binding of cytosolic proteins, anti-band 3 antibodies
and ankyrin to specific regions of the primary sequence of the 42-kDa
fragment of band 3.

They pointed out that in human band 3, the binding of cytosolic pro-
teins involves primarily the eleven N-terminal amino acid residues. They
quote unpublished work of V. Patel that mouse band 3, in contrast to
human band 3, does not bind glyceraldehyde phosphate dehydrogenase,
and relate this finding to the lack of homology of the N-terminal amino
acid sequence in human and mouse band 3 (Fig. 3).

Since the anti-band 3 antibodies do not interfere with the binding of
hemoglobin, Kopito and Lodish propose that the antigenic region is
located further away from the N-terminus. They refer to the exceptionaily
low homology of the region between residues 125—138 in band 3 of
mouse and man. Since there is no cross reactivity between antibodies
against mouse and human band 3, they believe that the region between
the amino acid residues mentioned is likely to be involved in antibody
binding.

The ankyrin binding site has not yet been identified. It has been sug-
gested, however, by Low et al. (1984) that the site is close to the IgG
binding site since anti-band 3 antibodies compete with ankyrin for binding.
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Kopito and Lodish suspect that the ankyrin binding site is highly conserved
among different species. They tentatively locate, therefore, the ankyrin
binding site to the highly conserved region just above the IgG binding site.

A cleavage site for trypsin resides at Arg-194, in a prolin reach region
which seems to form a hinge between two about equally large segments of
the 42-kDa fragment. A similar hinge seems to exist at Lys-366, the site
of tryptic cleavage that leads to the formation of the hydrophilic 42-kDa
domain and the hydrophobic 55-kDa domain.

The cytoplasmic N-terminal fragment is reported to be released after
trypsination as a dimer with a helical content of about 37%. Calorimetric
measurements and determinations of tryptophane fluorescence suggest
that the stability of the isolated fragment changes with pH and is largely
controlled by a single ionizable group of apparent pK of 7.8 at 37°C. The
released dimer retains the capacity to combine with the cytoplasmic pro-
teins mentioned above, indicating that its tertiary structure did not change
much after detachment from the membrane-associated C-terminal frag-
ment. However, the intersubunit S-S bridge can no longer be established
(Appell and Low 1981).

The absence of interactions between the two domains of band 3 protein
has been confirmed by systematic studies of the variations of the heat
capacity of the isolated red cell membrane as a function of temperature at
a range of conditions that affect the C-terminal and N-terminal domains
differently (Appell and Low 1982). It could be shown that the two
domains can be denatured largely independently of one another. For
example, after exposure of the isolated membrane to dilute NaOH or
acetic acid (two procedures used to remove from the red cell membrane
the peripheral membrane proteins (Steck 1974), different results are
obtained. After NaOH treatment, the C-terminal domain retains its
original stability while the N-terminal domain is denatured. After treat-
ment with acetic acid, the inverse is found. Moreover, after H, DIDS bind-
ing, the C-terminal domain is stabilized while the N-terminal domain
retains its original sensitivity to denaturation. It should be noted, how-
ever, that the techniques employed are not sensitive enough to preclude
the possibility of weak interactions. Thus the thermal stability of the
enzymatically released 42-kDa fragment is slightly increased as compared
with its stability in situ (Appell and Low 1982). We had the impression
that the release by trypsin of the 42-kDa fragment in resealed red cell
ghosts leads to a slight inhibition of anion transport (Lepke and Passow
1976), and it has been shown that the binding of H, DIDS to the outward-
facing C-terminal domain of band 3 increases the interaction of the inter-
nal N-terminal domain with hemoglobin (Salhany et al. 1980) and with
ankyrin and spectrin (Hsu and Morrison 1983).
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2.3 State of the Band 3 Protein in the Red Cell Membranes

It has been believed for many years that the band 3 protein exists in the
red cell membrane as a stable, noncovalent dimer (Steck 1978). This
belief was largely based on the observation that extraction of the red
cell membrane with Triton X-100 yielded such dimers (Clarke 1975; Yu
and Steck 1975; Steck et al. 1976). Recently, however, Schubert and his
associates have demonstrated that these dimers are artifactual and the
result of traces of contamination in the commercially available Triton.
After extraction with highly purified Triton X-100 (Schubert et al. 1983)
or other nonionic detergents (Pappert and Schubert 1982, 1983), they
demonstrated by analytical ultracentrifugation the existence of reversible
equilibria between monomers, dimers, and tetramers. This confirmed
earlier observations of Dorst and Schubert (1979) about the sedimenta-
tion behavior of detergent-free isolated band 3 protein and led to the sug-
gestion that similar equilibria could also exist in the red cell membrane.
However, in the membrane, these equilibria should be influenced by the
different lipid environment, by the well-known association of the band 3
molecules with the cytoskeleton by binding to ankyrin (Hargreaves et al.
1980) and by interactions with hemoglobin and other intracellular pro-
teins that may combine with the 42-kDa domain of the band 3 protein
(Cassoly 1983; Cassoly and Salhany 1983).

The distance between adjacent molecules of band 3 protein in the intact
red cell membrane could be determined by resonance energy transfer
measurements in the intact red cell membrane and was found to be 28—
52 A, which is much less than the calculated mean distance between
unassociated monomers in the red cell membrane of about 75 A (Macara
and Cantley 1981a). This result was not unexpected since treatment of
red cell ghosts with Cu®* and o-phenanthroline (Steck 1972, 1974 ; Reith-
meier and Rao 1979), or of intact red cells with the easily penetrating
diamide (Haest et al. 1977), leads to an intermolecular cross-linking via
disulfide bonds. After cross-linking, about 80% of the band 3 molecules
can be extracted from the membrane in the form of covalent dimers
(Steck 1974). Using other cross-linkers, Wang and Richards (1974, 1973%)
observed dimers and tetramers.

One problem of cross-linking experiments consists of distinguishing
between cross-linked products of naturally occurring complexes from
those cross-linked during accidental encounters between independent
molecules in a fluid membrane. It is necessary, therefore, to initiate and
complete the cross-linking reaction before such encounters can take
place. This could be accomplished by flash photolysis of photosensitive
heterobifunctional reagents (Kiem and Ji 1977), and the predominant
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occurrence of dimers was confirmed.* In addition, however, very large
aggregates were found that contained, besides band 3 protein, spectrin and
other membrane proteins. It remained unclear whether these aggregates
consisted of a mixture of homoaggregates of the individual protein species
or of heteroaggregates. When lipophilic photosensitive agents are used,
above pH 5.5 no cross-links can be formed. However, below this pH,
dimers and tetramers of band 3 protein were observed (Mikkelsen and
Wallach 1976). The occurrence of tetramers has been invoked by Macara
and Cantley (1981a) to explain some of their resonance energy transfer
data mentioned above.

A preferential formation of dimers also takes place after cross-linking
with the nonpenetrating bis(sulfosuccinimidyl)suberate and 3,3’-dithiobis-
(sulfosuccinimidyl)propionate. When the red cells are treated with chymo-
trypsin prior to or after the exposure to these cross-linking agents, cross-
linked products were obtained that always contained dissimilar subunits.
Thus, the crosslinks are always formed between the 35-kDa and 60-kDa
chymotryptic fragments, regardless of whether the fragments originated
from the same or an adjacent band 3 molecule. This would suggest that
the two subunits of a dimer are oriented such that the 35-kDa piece of
one of the subunits is closely associated with the 60-kDa piece of the other
(Staros and Kakkad 1983).

Electron microscopic studies revealed the existence in the red cell of
intramembrane particles which consist of band 3 protein (Weinstein et al.
1978) and, possibly, glycophorin (Pinto da Silva 1972; Cherry and Nigg
1980). The number of these particles is about one-third of the number of
band 3 molecules per cell (Weinstein et al. 1980), compatible with the
assumption that a considerable fraction of the band 3 molecules exist in
the form of tetramers, but that also smaller oligomers do occur. Thus the
results of this work are qualitatively consistent with the view that the
association equilibria of the band 3 protein observed in solutions of
nonionic detergents, involving monomers, dimers, and tetramers, also exist
in the intact red cell membrane, where they are probably modified by
interactions of the band 3 protein’s 42-kDa domain with the cytoskeleton
and the intracellular proteins (for review, see Haest 1982).

The interactions between the band 3 protein and the cytoskeleton are
most easily demonstrable by the study of the diffusion of band 3 protein
in the lipid bilayer (for reviews, see Edidin 1981; Peters 1981).

4 According to Dorst and Schubert (1979), little if any cross-linking takes place dur-
ing an encounter, while cross-linking becomes extensive after an encounter leads to
the formation of a complex between the protomers. Cross-linking removes the
complex from the association equilibrium and thus leads to a continuous increase
with time of the cross-linked oligomers
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In the intact red cell membrane, the band 3 protein molecules undergo
rotational diffusion around the axis perpendicular to the surface (Cherry
et al. 1976). Two populations of rotation rates have been observed. The
more rapid rotation of 60% of the band 3 molecules has been attributed
tentatively to unhindered rotation in the lipid bilayer, the slower rotation
of the remaining 40% to a hindrance imposed by a linkage of the band 3
molecules to cytoskeletal proteins, notably ankyrin and band 4.1 (Nigg
and Cherry 1980). The population of freely rotating band 3 protein species
is not uniformly sized and the size distribution varies with temperature
and with the cholesterol-phospholipid ratio of the membrane (Mihlebach
and Cherry 1982).

Lateral diffusion of the band 3 protein is barely detectable in the intact
red cell membrane (Pefers et al. 1974; Kapitza and Sackmann 1980) but
becomes easily measurable after detachment of the cytoskeleton by low
ionic strength or high temperature (Golan and Veatch 1980, 1982) or
after proteolytic digestion of the cytoskeleton (Passow et al. 1986). The
control of lateral diffusion by the cytoskeletal proteins is also most impres-
sively demonstrated by a comparison of diffusion in normal red cells with
red cells from mutants that are lacking the essential matrix proteins
(Sheetz et al. 1980). Thus, in spectrin-deficient spherocytotic mouse red
cells, the diffusion coefficient for the band 3 protein is about one-sixth
that of the surrounding lipids and thus of the order of magnitude pre-
dicted by the theory of Saffiman and Delbriick (1975) for the two-dimen-
sional bilayer continuum. In the normal mouse erythrocyte, the lateral
diffusion of the lipids is the same as in the spherocytotic cells, but the
rate of lateral diffusion of the band 3 protein is only 1/300 of that rate
(Koppel et al. 1981).

3 Kinetics of Anion Transport

The band 3 protein spans the red cell membrane. Its C-terminal 55-kDa
domain is anchored in the aqueous phase of the outer medium by the
carbohydrates that are attached to it. The N-terminal end resides in the
hydrophilic 42-kDa domain which sticks out into the medium at the inner
membrane surface. Hence anion transport cannot be accomplished by
rotational diffusion of the transport protein across the lipid bilayer. The
various segments of the peptide chain that traverse the lipid bilayer are
very likely, therefore, to form a channel for the anions. Nevertheless, in
contrast to the penetration through aqueous channels, anion transport
represents essentially an exchange process whose contribution to the
electrical conductance of the membrane is negligibly small under physiol-
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ogical conditions. Only under special experimental conditions can a flow
component be observed that contributes to the conductance and could
represent simple diffusion of the anion as such. We may stipulate, there-
fore, from the outset that conformational changes of a channel formed by
the transport protein dominate the transport process. This may be
described, for example, in terms of a theory of Lduger et al. (1980), by
fluctuations of adjacent energy barriers in the channel which give rise to
transport kinetics intermediate between those of a carrier and a channel
with fixed barrier structure (Frohlich 1984a).

Although this concept should apply to any anion species that is accepted
by the transport protein as a substrate, there exist certain differences
between the kinetics of monovalent and divalent anion transport. For this
reason, it seems useful to discuss first the basic concepts of anion trans-
port as studied with monovalent anions and then to add a section on the
specifics of divalent anion transport.

The information on the molecular aspects of transport kinetics reviewed below is
derived from studies of the time course of anion equilibration in cell suspensions. The
calculation of the rate constants and fluxes is, thereby, based on the assumption that
a suspension can be represented by a two-compartment system where the compart-
ments are separated by a membrane of uniform properties with an anion-binding
capacity that is small compared with the amount of anions present in the intracellular
and extracellular compartments. The calculation does not take into account that the
rate of anion equilibration depends on the surface/volume ratios and the permeabil-
ities of the membranes of the individual cells. The application of the two-compart-
ment concept requires that these quantities are essentially similar in different cells of
the population. The fact that anion equilibration at Donnan equilibrium follows a
simple exponential suggests that the statistical distribution of the transport-controiling
factors is indeed rather narrow. Nevertheless, it is gratifying that recently two differ-
ent techniques have been described that permit the direct measurements of anion
transport in the individual cells of a population. Both involve the use of a fluorescent
anion species. One technique measures the decrease of the fluorescence inside the
cells in the time interval between mixing with a medium devoid of the fluorescent
anion and passing through a flow tube that permits the detection of the fluorescence
in individual cells after a given length of time. From this data point, the individual rate
constants can be calculated (Muirhead et al. 1984). The other technique makes use of
the method of fluorescence microphotolysis. The fluorescent anions inside a single red
cell ghost are bleached by a laser beam and the subsequent entry of unbleached
anions from the medium into the bleached ghost is followed photometrically. This
yields the full time course of anion equilibration in an individual ghost. Using NBD-
taurine (N-{nitrobenzo-2-oxal-1,3-diazole]-2-aminoethane acid) as the fluorescent
anion species, it has been shown that repeated bleaching of the same ghost yields the
same rate constant with a reasonably high accuracy (SD +* 15%) and that the equilibra-
tion rates in different ghosts can be grouped around a slightly skewed mononodal
distribution curve. The anion influx can be inhibited by H, DIDS. The pH and tem-
perature dependence as determined by averaging measurements in single cells follows
the same pattern as observed in whole cell suspensions. These results confirm that the
flux measurements in red cell suspensions containing large numbers of red cells fairly
closely reflect the average behavior of the individual cells (Peters and Passow 1984).
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3.1 Monovalent Anions

3.1.1 Anion Transport With and Without Contribution to the Electrical
Conductance

Conceptually, anion transport can be measured in two different ways.
First, one can determine anion exchange. This can be done either with
radioisotopes when the anion distribution is at Donnan equilibrium, or
by following the net movements that occur when one anion species at one
membrane surface exchanges against another species at the other surface.
The former is called “self exchange” or “homo exchange’ at equilibrium
or, briefly, “equilibrium exchange”; the latter is called “‘net exchange” or
“hetero exchange.” Second, one can determine the net electrolyte move-
ments across the membrane. For reasons of electrical neutrality, they
involve the penetration of equivalent amounts of cations and anions,
which depends on the permeabilities of both the cation and the anion.
Such electrolyte movements are usually induced by the addition of valino-
mycin, which renders the KCl-containing red cells selectively permeable
for K*. The ensuing movements of K* ions down their electrochemical
gradient into a NaCl-containing medium induce an electrical field which
serves as a driving force for the movements of the accompanying anions.
Using suitable assumptions about the mode of penetration (e.g., that it
can be described by the Goldman equation) it is possible to calculate
permeabilities for cations and anions seéparately. The anion transport that
contributes to the conductance is usually called “anion net flow,” or
“conductive flow.” The latter term seems preferable since it does not give
rise to confusion between ‘net flow™ and “net exchange,” as defined
above.

When the two types of measurements are carried out at 37°—38°C,
pH 7.2-7.4, at chloride concentrations of 150—160 mmol liter' !, one
obtains an equilibrium exchange flux for the Cl” ions of 5 x 1078 mol
cm™® st (Brahm 1977). The permeability coefficient for the net Cl- efflux
(Po) amounts to 2 x 107® cm s (Hunter 1971) from which one can cal-
culate for zero membrane potential (i.e., the condition of equilibrium
exchange) a flux of 2.2 x 107'? mol cm™ §7'. Thus only 1 out of 2.3 x
10* CI ions that cross the membrane can be driven by an electrical field
and hence contribute to the electrical conductance of the red cell mem-
brane. This indicates that most of the anion movements across the red cell
membrane represent an “electrically silent” exchange rather than ionic
diffusion (Harris and Pressman 1967; Scarpa et al. 1970).

Attempts have been made to corroborate the inferences drawn from the
flux measurements by electrical measurements. Using microelectrodes, it
was possible to confirm that, in the presence of valinomycin, the membrane
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potential was essentially a diffusion potential for K* rather than CI7,
although the rate of a valinomycin-mediated K*/K*exchange as measured
isotopically is far lower then the rate of ClI"/Cl exchange (Hoffman and
Lassen 1970; Lassen 1972, 1977). Similar results were obtained with
potential-indicating cyanine dyes (Hoffiman and Laris 1974). Recent
determinations of the potential generated by the electrogenicity of the
Na-K pump in red cells by means of the cyanine dyes yielded a conduc-
tance of about 1-2 x 107° ohm™ cm™. which corresponds to a per-
meability of about 2—4 x 107 c¢m s™' and thus comes close to what one
would expect on the basis of the estimates of P, described above (Hoff-
man and Laris 1984). When the cells are treated with H, DIDS or when
the Cl™ is substituted by SOZ~, lower values are obtained (Hoffman et al.
1980).

3.1.2 Band 3-Mediated Conductance Versus Band 3-Independent
Conductance

The discovery of the two flux components has led to the hypothesis that
there exist two parallel and independent pathways of anion transport: a
band 3 protein-mediated ‘“‘electrically silent” exchange and an indepen-
dent diffusive flow across a parallel “conductance pathway.”

This inference has been examined by several different methods (7Toste-
son et al. 1973; Hunter 1977; Knauf et al. 1977). For the present purpose
it may suffice to quote experiments with stilbene disulfonates and a
related compound called APMB (see Fig. 14) that inhibit anion transport
by combining selectively with the band 3 protein. H, DIDS was found to
produce a partial inhibition of the anion conductance which varied
parallel to the blockage of the anion exchange (Knauf et al. 1977). More-
over, the reversibly binding H, DIDS analogue DAS (Fig. 14) which inhib-
its anion exchange only when applied to the outer membrane surface
showed the same sidedness of action when applied to produce the partial
inhibition of net CI” movements that contribute to the conductance of the
red cell membrane. Finally, the reversibly binding disulfonate APMB was
found to inhibit both CI" exchange and net flux from either membrane
surface (Kaplan et al. 1976).

The partial inhibition of the anion conductance by the disulfonates
mentioned above clearly suggested an involvement of the band 3 protein.
The question remained, however, whether that fraction of anion conduc-
tance that persists after maximal inhibition by these agents is due to anion
movements through an independent conductance pathway or to incom-
plete blockage of the pathway provided by band 3 protein.

Attempts to resolve this question included studies of the temperature
(Fréhlich et al. 1983) and pH dependence (Knauf et al. 1983a) of the
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various flux components. Most transparent are the results of the study of
pH dependence of CI” transport. Increasing the pH produces three distinct
effects: the equilibrium exchange increases and passes through a flat
maximum around pH 7.2; the H, DIDS-sensitive net flux remains virtually
independent of pH; and the H; DIDS-insensitive net flux decreases con-
tinuously. These results strongly suggest that the H, DIDS-sensitive and
-insensitive net fluxes are mediated by two distinct pathways (Knauf et al.
1983a,b).

One may conclude, therefore, that the anion transport across the red
blood cell membrane can be dissected into three components, two of
which seem to be mediated by band 3 protein and another that is prob-
ably not. Band 3 may mediate an electrically silent exchange and a dif-
fusive flow that contributes to the conductance. The other conductance
comes from a band 3 protein-independent conductance pathway.’

3.1.3 Band 3-Mediated Conductance: Slippage Versus Ionic Diffusion?

The simplest explanation that could account for both the band 3 protein-
mediated exchange and conductance would be represented by a model
first envisaged by Patlack and later dealt with in great detail by many
other investigators (Patlack 1957; Jacquez 1964; Lieb and Stein 1972, and
others) (Fig. 7, p. 96).

Within the framework of this model an anion (a) that leaves the red cell
would bind to the inward-facing conformation () of the transport protein.
The complex between protein and anion (ar) would switch into an out-
ward-facing conformation (as). The anion would now be released and the
unloaded, outward-facing transport protein (s) would be available for
anion binding and anion transport in the opposite direction. Such a model
would permit exchange which does not contribute to the conductance and
net anion movements that do contribute. The latter would occur if not
only the loaded form of the transport protein could undergo the con-
formational change between inward-facing (ar) and outward-facing (as),
but if after the release of the anion at the outer surface the unloaded
transport protein (s) could return to the inward-facing conformation (7)
where it would be available to pick up another anion. Such conforma-
tional changes of the unloaded transport protein are called “slippage,” and
it was originally supposed that the band 3 protein-mediated anion move-
ments that contribute to the conductance are essentially due to this process.

5 Evidence has also been obtained for the occurrence of cotransport systems for K~
Na*, 2CI” and K*, CI” in the membrane of the red cells of humans and other animal
species which moves chloride together with alkali ions. These systems also accept
Br but they are inhibited by many of the anion species that are transported by the
band 3 protein (e.g.,17,NO3 ); for review see Knauf (1985)
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Table 1. Apparent dissociatioqJ constants of anion binding to transfer and Dalmark’s
modifier site (mmol liter ! at 0°C)

Transfer site Modifier site Conditions
pH Temperature
Fluoride 88 337 74 23°C
Chloride 67 335 7.2 0°C
Bromide 32 160 7.2 0°C
lodide 10 60 7.2 0°C
Thiocyanate 3 74 4°C
Bicarbonate 10 600 8.7 0°C
Sulfate 30-40 350600 7.2-7.4 25°C
Phosphate 68 200 7.2-7.8 25°C

Data taken from reviews of Wieth and Bjerrum (1983) and Knauf (1979) except for
those for thiocyanate, which come from Dissing et al. (1981). Derived from measuring
anion equilibrium exchange

In a simple transport system of the type described above, at high anion
concentrations the transport protein becomes saturated with its substrate.
Unloaded transport molecules are no longer available to carry out net flow
and slippage should disappear. This prediction has been tested experimen-
tally (Knauf and Law 1980; Kaplan et al. 1980, 1982, 1983).

Figure 4 illustrates the well-kknown fact that anion exchange is a satur-
able process (with some self-inhibition at high substrate concentration,
Table 1). In contrast, both the H, DIDS-sensitive and H, DIDS-insensitive
conductive flow continue to increase at substrate concentrations where
the exchange is saturated. At the upper end of this concentration range,
the latter two flow components may show some tendency to saturate,
but it is clear that the saturating levels would be far outside the range
where C1” exchange reaches saturation. These results show that under
these conditions slippage cannot account for the net anion movements
that contribute to the conductance. They suggest that both the band 3
protein-independent and the band 3 protein-mediated conductive flows
represent ionic diffusion across membrane-traversing channels. It remains
to be established whether or not the band 3 protein-mediated conductive
flow observed under conditions where the transport system is unsaturated
(Frohlich et al. 1983) represents a contribution of slippage or of diffusive
flow. Frohlich (1983, 1984b) measured the rate of the band 3 protein-
mediated conductive efflux in the presence of large anion concentration
differences between the inside and outside of the red cells. Under these
conditions, nearly all of the transport molecules are outward facing and
are unloaded (see next section). The rate of efflux should now be entirely
controlled by the rate of transition of the unloaded transport molecule
from outward- to inward-facing conformation, i.e., by slippage. This
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Fig. 4a,b. Concentration dependence of CI” equilibrium exchange a and conductoive
flow of CI” b. Equal CI” concentrations inside and outside human red cells. 30 C.
a Date recalculated from Brahm (1977) for the temperature indicated. On the scale
employed, inhibition by H,DIDS would appear to be virtually complete. b Data
calculated from the Py values in Table 2 of Kaplan et al. (1983). Closed and open
circles refer, respectively, to measurements in the absence or presence of 10 umol
liter ! H,DIDS: Note the 1000-fold difference between the ordinates

rate should be independent of the chemical nature of the transported
anion species. In contrast to this prediction, Br and NOj; left the red
cells 4.6 and 6.0 times faster, respectively, than CI". This would suggest
that even when band 3 is unsaturated, the contribution of slippage to
anion conductance is small as compared with band 3 protein-mediated
diffusion. Similar conclusions were drawn by Knauf et al. (1983a) from
other types of studies.

3.1.4 Discussion of Band 3-Mediated Flux Components in Terms
of a Channel with Variable Energy Barriers

At first glance it might seem somewhat surprising that even after satura-
tion of its capacity to mediate anion exchange, the band 3 protein con-
tinues to mediate conductive anion flow. However, a superimposition of
nonconductive and conductive flow has to be expected for ion movements
across channels formed by protein molecules that are able to undergo
conformational changes (Lduger et al. 1980; Liuger 1984).

Ion transport in channels has been described by a series of thermally
activated jumps over a series of adjacent energy barriers with fixed
heights. Models of this type were highly successful for the description of
ion movements across channels in small peptides like gramicidin (see
Léauger 1980, 1984). However, large-protein molecules at thermal equili-
brium may exist in a large number of more or less easily interconvertible
conformational states. It has been pointed out by Lduger and associates
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Fig. 5. lon transfer across a channel with an alternating access gate characterized by
two energy barriers of variable size. The transport kinetics are the resultant of (1) Ping-
Pong kinetics for anion exchange as determined by the rate of conformational change
of the gate and (2) the diffusive flow of the anion by jumps over the energy barriers
without conformational change. The mass law equilibria for anion binding to the alter-
nating access gate at the membrane surfaces "and " are designated by K01 and K13
respectively. The k’s refer to the rate of transition of the energy barriers of the alter-
nating access gate between facing the media at surfaces ' and . In the calculations in
the text if is assumed that the rate constants ky; and k,;, which pertain to the con-
formational transitions of the transport with a bound anion (ar = as) and hence deter-
mine the rate of anion exchange, are large compared with the rate constants kyg and
kg1, which describe “slippage”, i.e., the conformational transitions of the transport
protein without a bound anion. The rate constants for jumps of the anion over the
energy barriers (diffusion) are denoted D. The indices 12,23 and 21,32 indicate the
direction of the jumps; the indices r and s refer to the configurations of the energy
barriers. Adapted from Lduger et al. (1980)

(Lduger 1980, 1984, 1985; Liuger et al. 1980) that for this reason the size
of the energy barriers within the channel could be subject to thermal
fluctuations. Both the rate of such fluctuations and the size of the barriers
could be modified when an anion jumps into a potential well separating
two barriers (i.e., a binding site). This may increase or reduce the height
of the barrier in the diffusion pathway and thus inhibit or facilitate its
own further movement (Figs. 5, 6). In the last chapter of this volume this
will be considered in some detail in relation to specific models of anion
transport which will be classified as “lock in” or “knock on” models,
respectively.

The changes of the barrier heights that take place after the anion is
bound and which describe the transition from inward-facing conforma-
tion (ar) to outward-facing conformation (as) are formally equivalent to
carrier-mediated transport from the inner to the outer surface. The corre-
sponding conformational changes of the unoccupied binding site would
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Fig. 6. Schematical representation of the extension
of the model of anion transport across a channel
with an alternating access gate by the incorporation
of two approach sites, as suggested by Tanford
(1985). The rate of anion exchange across the mem-
brane depends on the probabilities of the occupancy
of sites 1, 2, and 3. With increasing occupancy of
site 2, the rate of exchange increases. With increas-
ing occupancy of the approach sites ! and 3, the
probability for a release of an anion from site 2
decreases. Hence the rate of anion exchange passes
through a maximum when the anion concentration
in the adjacent media is increased {self-inhibition)
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represent slippage and would be formally equivalent to the flow of the
unloaded carrier. However, in contrast to the carrier-mediated transport,
the channel with fluctuating barriers also permits jumps of a bound anion
over the barriers (Lduger 1980) and thus encompasses the superimposed
diffusional component, called “transit” by Knauf et al. (1983a) or “tun-
neling” by Frohlich et al. (1983). The magnitude of this component
would depend on (1) the ratio between inward- and outward-facing con-
formational states; (2) the barrier heights of each of the two conforma-
tional states, which in the most general case would give rise to different
permeabilities for diffusive flow across inward-facing and outward-facing
conformers; and (3) the relative probabilities for the jumping of the
bound anion over the barriers, and the transition between the inward- and
outward-facing barrier structures. The quantitative analysis of the model
predicts that both the exchange due to the transitions a7 = as and the dif-
fusion should saturate with increasing concentration of the substrate
although not necessarily at the same concentration range.
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A quantitative treatment of the available data in terms of this model
has not yet been attempted but it seems clear, from the observations de-
scribed above (see Fig. 5), that the model accommodates at least qualita-
tively the peculiar kinetics of anion exchange.

Since the diffusive flow across the channel is small compared with the
electrically silent exchange mediated by the transitions ar = as, it is per-
missible for many purposes to neglect the diffusive component besides the
exchange component. This will be done in Sect. 3.1.6, which will be
devoted to the kinetics of the electrically silent net and equilibrium
exchange.

3.1.5 Alternatives to the Model of a Channel
With Variable-Energy Barriers

Although a channel with variable-energy barriers offers an attractive
explanation for anion exchange and anion conductance from a unifying
point of view, other interpretations of the findings cannot yet be ruled
out. In particular it would seem feasible that the band 3 protein may
oscillate between two different modes of operation, as a channel with
more or less fixed barrier heights and as an exchanger. In the channel
mode, the protein could give rise to single-channel events similar to other
known channels, for example, the DIDS-inhibitable chloride channel from
the electrical organ of Torpedo (see Miller 1984). These events would be
associated with the diffusion of large numbers of anions, resulting in an
easily measurable single-channel conductance. In the exchange mode, the
protein could mediate an anion exchange that does not at all contribute to
the electrical conductance.

Single-channel events have in fact been observed after incorporation of
whole band 3 protein (Benz et al. 1984) or of the 17-kDa fragment of
band 3 protein (Galvez et al. 1984) into planar lipid bilayers. The large
conductances associated with the single-channel events of incorporated
band 3 protein have been attributed to the formation of band 3 protein
tetramers in the bilayer and are believed to be indicative of intermolecular
channels that in the intact cell may be nonconducting and possibly respon-
sible for water permeation (Benz et al. 1984). The origin of the single-
channel conductance produced by the 17-kDa fragment is, apparently,
still unclear. This fragment plays an important role in anion exchange, but
in the intact cell membrane additional segments of the peptide chain are
required to achieve proper functioning. Moreover, the reconstitution work
quoted on p. 64 has amply demonstrated that proteins which in the intact
cell membrane do not transport anions may do so when incorporated into
lipid bilayers.
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In our laboratory, the potassium permeability of the membranes, of
intact red cells has been studied by means of the patch-clamp technique
(Grygorczyk and Schwarz 1983; Grygorczyk et al. 1984). In the course of
this work a large number of successful giga seals has been obtained, but
anion channels of the size expected on the basis of the report of Galvez
et al. (= 5 pS at 160 mmols liter* ) could not be identified with certainty.
Currently, attempts are being made to repeat the patch clamp experiments
under special conditions, where the likelihood of the occurrence and dis-
covery of anion channels is maximized (SchAwarz and Passow, unpublished
work). Such experiments have shown that anion-selective channels with a
single-channel conductance of about 5 pS can indeed be observed. They
are inhibitable by Persantine and possibly H, DIDS, both of which are
known to inhibit band 3-mediated net and exchange transport of anions.
The number of the channels per cell is smaller by several orders of mag-
nitude than the number of band 3 molecules and it is not yet clear whether
or not they can account for the H, DIDS-sensitive conductive anion flow
which, as described above, has been attributed to band 3.

3.1.6 Anion Exchange

3.1.6.1 Modeling of Anion Transport: Equations for Equilibrium and
Net Exchange in a Transport System Without Modifier Sites.

Asymmetry Factors

The currently available informtion on that component of anion transport
that does not contribute to the electrical conductance of the membrane
is usually discussed in terms of a model which postulates anion binding to
the transport protein and one or several subsequent conformational
changes that result in the release of the anion at the other surface of the
membrane.

At the present level of experimental resolution, a semiquantitative
description of many observations can be obtained if the mathematical
treatment of the model is based on three simplifying assumptions:

1. The transport rate is essentially governed by one single conforma-
tional change of the transport protein.

2. The conformational change leads to the transfer of one single sub-
strate anion across the membrane. There occurs neither slippage (i.e., con-
formational change without anion binding and transport) nor an obliga-
tory exchange of two or more anions bound to the same transport mole-
cule at opposite membrane surfaces. The justification of the latter assump-
tion has been discussed by Knauf (1979) and Gunn and Fréhlich (1982).

3. The rates of association and dissociation of the substrate are much
higher than the rate of the conformational change that leads to the trans-
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location of the bound anion. Hence, there exist equilibria at the two sur-
faces which can be described by the mass law.

A model based on these assumptions is depicted in Figs. 5 and 7. It
gives rise to kinetics that had first been published by Patlack in 1957
before the discovery of the first transport protein. This model is essentially
similar to the Ping-Pong model of enzyme kinetics in bulk solution de-
scribed by Cleland (1963), where the enzyme substrate complex under-
goes a conformational change before the products are formed and released.
In contrast to an enzyme in bulk solution, however, the transport protein
is located in a membrane that separates two media which may have dif-
ferent compositions. This gives rise to special phenomena that do not

] e

cpr\\ S +\c1"1
Km\\ ki §\0

ar=

k1

Fig. 7. Ping-Pong Kinetics for one substrate, a. At surface ' the substrate reacts with the
r conformer of the transport protein to form the complex ar. The complex undergoes
a conformational change into as, which enables the anion to be released at surface "

The unoccupied conformer s is capable of combining with another anion a for the
journey in the opposite direction. The formation of the substrate — protein complex is
assumed to be fast compared with the rates of conformational transition ar = as,
which are designated by k;, and k1. For this reason, substrate binding is described
by the mass law constants K;¢; and K; ;. The transitions 7 = s (“slippage”) are con-
ceivable and hence shown in the figure. The rates are assumed to be slow, however,

compared with the rates of transition ar = as and hence no rate constants are indi-
cated

Fig. 8. Ping-Pong kinetics for two competing substrates, a and b. The transitions r =s
are not marked by rate constants to indicate that they are conceivable but assumed to
be negligible compared with the transitions designated by the rate constants k3,
kz1, k15, and ks1. K101, K11, K301, and K3, designate mass law constants to
describe binding to the transport protein in conformations  and s
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occur in enzyme kinetics in bulk solution but which play an important
role in the kinetics of membrane transport processes.

The present chapter serves two purposes: to provide a qualitative over-
view of the predictions of the model and to give a survey of the experi-
mental work that has been interpreted on its basis. In addition, for readers
who may find it convenient to have a more complete mathematical expli-
cation of the model at hand, derivations are supplied of the most widely
applicable expressions along with their actual applications to specific
experimental studies.

A mathematical treatment of the model depicted in Fig. 7 requires the
derivation of expressions for:

1. The flux from one compartment to the other.

2. The concentrations of the various forms of the transport protein ar,

as,r, s,
both as functions of the concentrations in the media at the two membrane
surfaces (a' and a'') and of the parameter values defined in the reaction
scheme.

Slippage will be neglected; the schema disregards, therefore, rate con-
stants for the transitions 7 = s.

As will be shown below, the equilibrium exchange flux as defined by
this model is described by the following equation:

ki, RS aa"’
Ji2 = . 1
1+ K K
q a'a '+ 2ot a”+q LI
1 +g¢g 1 +gqg

where g = ky, /k,1 and RS is the sum of all forms of the transport pro-
tein, i.e., ¥ +ar + s +as.

The validity of this equation was demonstrated by flux measurements
under three different experimental conditions: by varying a’ at fixed a’',
a' at fixed a', and a at equal concentrations on both membrane surfaces:
a' =a" =a (Gunn and Fréhlich 1979).

For all three sets of conditions, Eq. 1 can be transformed into expres-
sions that are formally identical to the Michaelis-Menten equation. For
each of the three sets of conditions one obtains, however, different values
for the maximal transport rates and the half saturation constants, which
Will be designated respectively, V. . K1’/2" V oaxe Kl'}z ;and V.o K1/2
Since all of these constants are composite quantities (see Table 2), further
information is required to derive from them ki,, k21, K61, K11, i.€., the
parameter values which define the system in terms of Ping-Pong kinetics.
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Table 2. Ping-Pong kinetics of anion exchange at Donnan equilibrium
kia — g g’
a tr < arFT——=*3q <~ K
Kio1 ka1 !
a varied ., a;,varied @ varied
a=a =q ¢ constant a' constant
» V a . V! a, » VH a”
Ji2 = E— Jiz = - J12 = '
max max 7 ’ max ! "
a+K1/2 d+K1/2 a +K1/2
k12R—_S- , klzﬁ d” ' klzkA—S" d’
Vinax = T Vinax = ’ K 4 ’
I1+¢g m 1+q a”+q 2L e I+q ' LSTH!
1+
q a 1+g4
Kior o qK11
Kio1 +gK , I+q ; I+q
K = __..—11 K —_— e K ! B
12 I+q 12 o gk 1/2 + Kio1
a + 1+¢ 1+gq
Vmax _ k12R_S- Vmax _ klzR—S Vmax _ k12R—S
K1/2 Kio1 9K, K1/2 Kio1 K{}z qKy,
g=kiz/kas

Much of what follows below is devoted to a description of the methods
employed so far to obtain this additional information.

The explicit knowledge of the parameters can be used to predict the
distribution of the various forms ar, as, r, and s between the membrane
surfaces in the steady state. For a variety of conditions, asymmetrical dis-
tributions can be expected to occur. The ratios (ar + r)/(as + s) and r/s are
convenient measures of these asymmetries. They are numerical expres-
sions for the so-called “recruitment’ of the transport protein molecules
into conformeric states where their transfer sites face compartments ' (r
and ar) and "' (s and as) (see pp. 103, 106).

The reaction schema in Fig. 7 can be easily expanded to accommodate
the interactions of two or more substrates that compete for the same
transport system. For two substrates, the reaction schema assumes the
form in Fig. 8.

The equations that describe the system show the competitive inhibition
of one of the two anion species by the presence of the other (see Egs. 4, 5,
p. 102/103). They allow one to calculate flux and recruitment as functions
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of the various parameter values and of the concentrations @', @'’, b', and
b".

It should be noted that under the conditions defined by the reaction
schema in Fig. 8, net movements of both anion species @ and b may occur.
This “net exchange” or “‘hetero exchange” contrasts with the ‘“homo
exchange,” which involves an exchange of anions of the same species.
Hetero exchange may give rise to recruitment phenomena which are
particularly pronounced when the penetration rates of the exchanging
anion species differ considerably. They can be used to recruit the trans-
port protein molecules into forms in which their ““transfer sites” face
either compartment ' or "' (see pp. 103, 106).

These transfer sites represent specific regions of transport protein mole-
cules that are involved in substrate binding and translocation. They may
be allosterically linked to many other regions of the transport molecule,
the so-called modifier sites, which are capable of reacting with specific
modifiers of transport. For example, in the band 3 protein the relation-
ship between anion concentration and anion equilibrium exchange does
not reach a plateau at high anion concentration as predicted by the Micha-
elis-Menten type kinetics derived from the model considered above.
Instead, at high substrate concentrations self-inhibition is seen (Table 1).
This has been attributed to substrate binding to an inhibitory modifier site
(Dalmark 1975). Moreover, the transport rate varies with pH. Over the
physiological pH range, these variations are related to the changes of the
degree of dissociation of modifier sites that combine with protons. In
addition there exist further modifier sites that react with noncompeti-
tively acting inhibitors. The exact number of such sites is not yet known,
but there are many of them.

The mathematical treatment of the influence of modifier sites can be
accomplished by an extension of the reaction schemas in Figs. 7 and 8. For
simplicity’s sake, we shall first consider the case of two interacting sub-
strate binding sites and a single substrate, a. The transfer site may be
designated r, the modifier site R. At a given concentration a’, the confor-
mers with the transfer site facing compartment ' may exist in four differ-
ent forms: 7R, arR, rRa, arRa (the symbols represent respectively: combi-
nation neither with r nor R, with r or R; with both r and R). Each of these
forms may undergo a conformational change that converts it into the
corresponding conformer where the transfer site faces compartment ",
viz., $S, asS, sSa, asSa, respectively. These conformers are at equilibrium
with a'’. Thus, instead of the four forms of the most simple model (, ar,
s, as), eight different forms need to be considered in this extended version.

For the graphical representation of the reaction schema of the extended
model, it is useful to plot all forms with the transfer site facing compart-
ment ' in one plane, and all corresponding forms with the transfer site
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Fig. 9. a Ping-Pong kinetics for one substrate, allosterically controlled by a second
substrate binding site (a “modifier site”) that exists in conformations R or S, depend-
. . ! "

ing on whether the transfer site faces compartment (r) or compartment = (s), respec-
tively. b Ping-Pong kinetics for two substrates, competing for the transfer site (r, 5) and
a modifier site (R, §). As in Figs. 7 and 8, the transitions only marked by arrows are
conceivable, but assumed to be negligible compared with the transitions depicted by
arrows and designated by the rate constants k14, ko4, k15, and ks

facing compartment "’ in another. This yields a three-dimensional structure
which serves to define the various rate and equilibrium constants of the
transport system (Fig. 9a).

When the transfer site alternates between the two membrane surfaces
(r = ), the modifier site undergoes corresponding conformational changes
(R = 8), but without changing its orientation. Thus R and § are always
exposed to the same solution and therefore at equilibrium with either a’
or a’’. In contrast, r is always exposed to a’, and s to a’’. If it is assumed
that the modifier site faces compartment ' containing the substrate at
the concentration a', then the equilibrium exchange flux can be written:

ki RS aa’ o
Jiz T * Kio1a +gK,, a
+ + vt 101 11
1 q [ aa .|.j +q+‘__
where
K ' K, ,a '
= 101 + a +q( 114 + a )

1t
Koo Ko, Kioa K,
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For K1y = K100 = K12 = Ki02 = o (i.e., no modifier site present) ™ - 0
and Eq. 2 transforms into Eq. 1.

The three-dimensional schema in Fig. 9a can be readily extended to
accommodate the actions of a second substrate b that competes with a for
both the transfer site (in conformations » and s} and the modifier site (in
conformations R and ). The reaction scheme appears as shown in Fig. 9b
(Passow et al. 1980a). The equilibrium exchange flux is now described by
the equation:

a' K —
ji2 = c =5 . k,,RS 3)
Kior KGR +qKyS
where
13 1 1 b! 13 t
R=1+ + (1+ +— )+ (1+ )
K101 100 K103 K303 K301 K400
et
K200 k201
- a?? al ati ti Izl 13 bl al!
S=l+— +—(l+— +—)+— (I +— ) +— (1 +—)

Kll KIO K13 K33 K31 K40 KZO K21

— a' k15 b’ — a" k51 b"

= — o —

K, = — o — - K
R Kior kiz Ksor 5 Kiy ki Ksy

Figures 7, 9 serve to illustrate a method of representing diagramma-
tically transport systems of increasing complexity and to show that addi-
tional features can be incorporated relatively easily into the diagrams if:

1. The network of allosterical interrelationships between conformers
with transfer sites facing toward one compartment are represented in one
plane and those with transfer sites facing toward the other compartment
in another plane.

2. Conformers with corresponding occupancies (e.g., 7R and sS; arR and
asS) are arranged in juxtaposition.

When these rules are followed, then all possible interrelationships will
be considered automatically and the derivation of the equations for trans-
port and recruitment can be accomplished with relative ease (see p. 102f.
for further details).

The final equations, even those pertaining to the simplest possible
model without modifier sites, are rather complex. It is a problem in its
own right to find ways of writing them in forms that make their physical
meaning as transparent as possible. It proved advantageous to follow two
simple principles:
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[.To avoid the condensation of individual constants into complex
parameters whose physical significance is not obvious.

2. To use indices for the mass law constants K and the rate constants &k
which will allow one to recognize easily the symmetry of corresponding
expressions for the two orientations of the transfer site. The mass law con-
stants pertaining to anion or inhibitor binding to surfaces ' and " are char-
acterized by indices with three or two digit numbers, respectively, e.g.,
Kio1. K11, Ksg1, K3, , etc. The indices of the rate constants indicate the
direction of the transitions. Pairs like k,,, k;, or ks, ks; refer to rates
of transitions from compartment ' to compartment "' and vice versa,
respectively, whereby the first pair of this example refers to anion species
a, the second to anion species ». Such notions help to recognize the sig-
nificance of the individual parameters within the complex transport sys-
tem and to identify mistakes in the derivations since the appearance of
asymmetrical expressions usually indicates algebraic errors.®

Equations for Homo and Hetero Exchange in a Transport System Without
Modifier Sites. Asymmetry Factors. Before discussing more complex
situations, it is instructive to consider the predictions of Ping-Pong kinetics
for a transport system without modifier sites.

These predictions can be derived from the following assumptions (the
symbols are defined in Fig. 8).

Mass law equilibria at the two membrane surfaces:

a’°r=K101 ‘ar,'a”'S=K11 ~as (1)
b! 'I‘=K301 'br,'b”‘S=K31 - bs

Steady state, no slippage:

ki,ar + kysbr = ky,as + ks, bs (see Appendix A) (ii)
Mass conservation:
r+ar+ br+s +as+bs = RS where RS = constant. (iii)

The isotopically measured flux from compartment ' to compartment "'
of anion species @ (j;, ) and b (j, 5 ) is accomplished in a single step:

Ji2 = kypar (4a)
Jis =kisbr (4b)

6 After the establishment of the reaction network that represents all possible inter-
actions between the sites that are believed to be involved in the given transport
process, it is left to the experimentalist to elucidate which ones of the interactions
predominate and which ones can be neglected. Thus the final reaction network that
explains the experimental data may turn out to be less complex than the original
network
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Combination of Eqgs. (i)—(iii) yields ar and br as functions of the com-
position of the media at the two membrane surfaces:

ar__ K" br _Kion b ar_ (5)
Rsv-“ A!K/I+AHKI RS K301 a RS
where
. Kioi b'Kio b'Ki0: (5a)
A=1 +T a'K;o, K=k thes g7 a'Kso,
"o K1 b'Ky, "o b"K,, (5b)
A —1+aT +-a”_K; K"=k,, +ks, —a”K“

Insertion of Eqgs. 5, 5a, and 5b into Eqgs. 4a and 4b, respectively, yields
the fluxes of a and b. Eq. 5 is, however, also important in its own right
since it can be extended to provide information on the molar fraction p
of transport molecules whose substrate binding site faces compartment "

_arvbrir o Ko Kb ar
P=7 RS ~ a Kso1a” RS

(Passow et al. 1980b).
The remaining fraction of transport molecules (/—p) faces compart-
ment . Hence

p/(d—-p)y=(ar+br+r)fas+bs+ s)=(A'K'")(A"K') (6a)

represents an asymmetry factor which does not distinguish between trans-
port molecules with occupied and unoccupied substrate binding sites.
Another asymmetry factor pertains to the transport molecules with un-
occupied transfer sites.

ris=(K"Kio,a")(K'Ky a") (6b)

(Knauf et al. 1980; Knauf 1982).

The numerical estimate of the parameter values that determine the flux
Kio1, K11, Ks01, K31, k12, kay, kys, ks, (see Egs. 4a, 4b) and calculation
of the asymmetry factors (Egs. 6a, 6b) constitute the final goal of the
analysis of transport kinetics in terms of the Ping-Pong model of anion
exchange.

As has already been pointed out (p. 97), for the numerical calculation
of the parameter values from experimental data, it is usually convenient to
transform Eqgs. 4 and 5 into expressions that are formally identical to the
Michaelis-Menten equation. This provides relationships between V nax and
K1/2 values defined by this equation and the various mass law and rate
constants defined by the model. For a quantitative determination of these
latter constants, it is necessary to take into account that, in general, they
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are interdependent and hence that not all of them can be fitted indepen-
dently. For a discussion of this problem, see Appendix B.
Below some specific applications will be considered.

3.1.6.2 Equilibrium Exchange

Evaluation of the Mass Law and Rate Constants Defined by the Ping-Pong
Model. The equation for homo exchange of a single anion species as dis-
cussed above (p. 97, Eq. 1) is obtained when b’ = " = 0 is inserted into
Eqgs. 4a, 4b, 5a,and 5b. The validity of this derivation rests on the assump-
tion that the anion species a is distributed between compartments ' and "
according to Donnan’s law such that even when 4’ is not equal to @'’ the
system is at thermodynamic equilibrium and no net flux of a occurs
(“equilibrium exchange™).

The pertinent values of V. max and K e as defined in Table 2, are
independent of the concentration of @ if @ = 4" = a, i.e., when the con-
centration of a is varied equally on both sides of the membrane and no
concentration difference across the membrane exists (first column in the
table). When a' is varied at constant @'’ (second column in the table) or
a'’ at constant @' (third column in the table) both V. ax and K
functions of the (constant) anion concentration at the opp051te membrane
surface. However, when @’ is varied at constant a’’ while @'’ is very much
larger than qK”/(1+q) then K = K,4: /(11q); and when a'' is varied
at constant @ while 4’ is much larger than K4, /(1+g), then K”2 =
gK,/(1+g). In other words, when the anion concentration at one mem-
brane surface is made high enough to saturate the transport system, then
the V.. and K 1,2 Values observed after variations of the anion concen-
tration at the other membrane surface are independent of this constant
concentration. For this experimental condition the calculation of the
mass law and rate constants defined by the model is particularly con-
venient.

For chloride transport in human red cells, one of the important pre-
dictions of Ping-Pong kinetics could be verified: V _, as determined by
varying the external C1™ concentration was found to depend on the level
of intracellular CI™ that is maintained constant while the external ClI~
concentration is varied (Fig. 10; Gunn and Frohlich 1979; Hautmann and
Schnell 1985). Corresponding observations were made when the internal
Cl™ concentration was varied at a range of fixed external ClI” concentra-
tions (Hautmann and Schnell 1985). For infinite trans concentration, it
is possible to calculate separately the half saturation constants that per-
tain to the two sets of experimental conditions. Gunn and Frohlich cal-
culated separately K 12 = K,4,/(1+g) and K = gK,, /(1+q). The values
obtained were about 60 and 3 mmol liter™ for the inner and outer mem-
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intracellular
Clcorcentration Vmax Ky2
10 mM/liter 941+ 30 22+03
— 1UmM/ liter 308 12 125+ 014
[
E
_13 300+ . .
2 1omM CY
53 004 . .
g :
sl
€ 3004 / wmM CL,

T T T Y T T T T T T T
2 4 6 8 0 2 % 1% % 20 2

ClyomM

Fig. 10. Chloride equilibrium exchange as measured at the two fixed intracellular CI”
concentrations represented in the figure and at the extracellular ClI” concentrations
indicated on the abscissa. Human red cell ghosts, pH 7.8, 0°C. Ordinate, chloride
efflux as measured by means of > Cl. (Gunn and Frohlich 1979)

brane surface, respectively (pH 7.8, 0°C). Using the data of Hautmann and
Schnell, one arrives at 14.5 and 4.7 mmol liter ', respectively (pH 7.3,
0°C). The K, , values for varying chloride at equal concentrations in
internal and external medium were 60 mmol liter* (Gunn and Frohlich
1979) and 21 mmol liter! (Hautmann and Schnell 1985).

The analysis of anion transport by measuring equilibrium exchange
under the conditions specified in Table 2 neither allows one to calculate
g nor the individual rate constants k,, and k,,. A provisional value of ¢
could, however, be derived from other types of work, suggesting that
Kio1 = Kyy, i.e., that the affinity for chloride binding to the transport
protein with outward-oriented transfer site is identical to the affinity of
the protein with inward-directed transfer site (Knauf and Mann 1982,
1984b). On this assumption, one can calculate from the expressions for
Kl'[2 and Kl”2 a numerical value for ¢ = k,, /k,;. The data of Gunn and
Frohlich yield g =0.05;those of Hautmann and Schnell 0.3-0.4. Although
the discrepancy is considerable it is clear that in a chloride medium at
0°C most of the transfer sites face toward the cell interior.

Recruitment. Establishment of concentration differences between cell
interior and medium is a convenient method of recruiting transport
molecules into conformations with inward-or outward-facing transfer sites.
For the special case of a single anion species, one obtains for the asym-
metry factors
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Thus a concentration difference of a across the membrane recruits the
transfer sites of the unloaded band 3 protein molecules toward that sur-
face that is in contact with the lower concentration of ¢. It may be noted
that for K;o; = Ky, at equal concentrations of @ at both membrane sur-
faces (@' = a’' = a) the asymmetry factors (ar + r)/(as + s) and r/s are
independent of the absolute value of a (see Knauf 1985). However, if
K5, is unequal to K,;; the former of the two asymmetry factors, in
theory at least, varies with the concentration of a, even though no concen-
tration difference exists (Passow et al. 1980; Passow and Fasold 1980).

Recruitment by establishing anion gradients across the membrane has
been extensively used in studies about the chemical or enzymatic modifica-
tion of band 3 protein where one wishes to discriminate between the
actions on conformers with inward- and outward-directed transfer sites.
Examples are provided by the work of Jennings (1980, 1982b), Jennings
and Adams (1981), Knauf (1982), Wieth and Bjerrum (1982), and others.
The results will be discussed below in the context of biochemical studies
on band 3-mediated anion transport.

3.1.6.3 Net or Hetero Exchange

The experimental work required to obtain the data necessary for the
evaluation of the various rate and equilibrium constants by the methods
described in the preceding section is considerable. It is most useful, there-
fore, that there exists a rather simple method to determine the true mass
law constants K;; and K,o, (Jennings and Adams 1981; Jennings 1982b).
It is based on the fact (Jennings and Adams 1981, Jennings 1982b) that
the exchange of two anion species against one another leads to a recruit-
ment of the transfer sites toward that surface which is in contact with the
more slowly penetrating anion species. It involves measuring the half
saturation constant of the heteroexchange flux at a fixed and saturating
concentration of the faster penetrating anion species at one membrane
surface and varying the concentration of the more slowly penetrating
species at the other. When measured under this special condition, the half
saturation constant is approximately equal to the mass law constant for



Molecular Aspects of Band 3 Protein-Mediated Anion Transport 107

the binding of the slowly penetrating species to the transfer site when that
site is oriented toward the compartment that contains the slowly pene-
trating anion species. This conclusion can be derived as follows:

The net exchange of anion species a against anion species b is defined as

%' =kisar — ks as 9)
Combining Egs. i, ii, and 5 one obtains:
as=¢ <ar, where g = K '/K"'

and

ki, —k —_
per-2 — 0 g (10)
A +A"¢
In the situation described above it is assumed that a penetrates much
more slowly than b (k;;, <€ k15, ky1 <€ ks1) and that @'’ = b' = 0. Insert-
ing this into Egs. 5a and 5b for the calculation of 4', 4", K', and K",
one obtains

k,,RS a'

.net .. (1 1)
]1 2 1 -+ Q a, + KlOl
1+Q

where

Q =_]_C-11 (1 +Ii3”l_

ksi b

If it is further stipulated that 8" > K3, , then one arrives at

Vinax = k12 RS (12a)

Klllz =Ko (12b)
Conversely, if one measures the flux in the opposite direction under the
conditions @’ = b" = 0 and b’ > K;,, then one obtains, by analogous
reasoning:

Viax = k21 RS (13a)

Kl';2 =K, (13b)

Jennings and Adams (1981) made use of Eq. 13b for the determination
of the affinity of sulfate to the band 3 protein with outward-oriented
transfer site. They placed red cells containing chloride at a saturating con-
centration into media containing sulfate at a range of concentrations and
measured sulfate influx. Since sulfate penetrates much more slowly than
chloride (i.e., ki, < kys; ky1 < ksy ), the conditions are fulfilled on which
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Eq. 13b rests. Hence the experimentally observed value of 10—20 mmol
liter* for K1 should indeed correspond closely to the true mass law
constant K, %or sulfate binding to the outward-oriented transfer site.

3.1.6.4 Competitive Inhibition by Nonpenetrating Inhibitors

The equations for the action of a nonpenetrating competitive inhibitor b
in compartment ' on the flux of anion species a can be obtained from
Egs. 4 and 5, if one assumes: b = 0, k;s = ks; = 0. The equation can
then be rewritten in the form:

— a KI'
» =k, RS T — , (14a)
Kio1 Klapp +b
where
, , a' Klr,:z
KIapp =K{[1+ (1+ N (14b)

Ky
and KI Kso1: Klro; = K101 /(H’CI) K”w = KuQ/(“'CI)

The latter two quantltles represent the apparent dissociation constants
for the substrates at surfaces ' and "', respectively, as measured at infini-
tively high concentration of a at the opposite surface (¢’ and a’ respec-
tively).

If the inhibitor resides in compartment ' instead of ', then "' = 0.
Assuming again k5 = ks, =0, Egs. 4 and 5 yield:
) o a!l KI”
j12 =k RS . . ” (15a)
K11 Klapp +b
where
' e a,' Kl’/Z
Kpapp =&y 11 (1+ )] (15b)
pp 1190 '
K1/2 a

and KI” = K3, . The other symbols have the same meaning as above.

Two limiting cases may be considered:

1. The substrate concentration is increased in compartment ', which
contains the inhibitor at the concentration b’, while the substrate concen-
tration in the opposite compartment without inhibitor is maintained con-
stant. Under these conditions, when a /K 12 > 1, then K fapp ~ and
ji2 = k12 RS/(1+q) (see Egs. 14a, 14b). The competing substrate abolishes
inhibition and the flux reaches VmaX

2. The substrate concentration is increased in compartment "', opposite
to the compartment ' that contains both inhibitor and substrate at fixed
concentrations. If a'/K1 , <1 and a”/K”2 > 1 then KIapp = K| . This
means that KI tends to approach K; when the transport protein mole-
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cules are recruited by a substrate gradient toward the compartment that
contains the inhibitor. This consequence of the Ping-Pong model forms
the basis for a simple qualitative test to demonstrate the occurrence of
recruitment of a transport protein. When an increase of the substrate
gradient between compartment ' and " at constant substrate concentra-
tion in compartment ' increases the inhibition produced by a given inhibi-
tor concentration b', one may suspect that a recruitment of the transport
protein molecules to surface ' is involved.

Equations 14a or 15a and 14b or 15b are special cases of a more general
freatment by Passow et al. {1980b) and had first been derived in some-
what different form by Fréhlich (1982). The latter author applied them
to the study of competition between the stilbene disulfonate DNDS and
chloride in the red cell. The results will be reviewed in conjunction with
the discussion of the stilbene disulfonate binding site.

3.1.6.5 Some Inferences from Work with a Noncompetitive Inhibitor:
The Affinities for Substrate Binding to Inner and Outer Surface are Equal,
Ky =Ki01?

As has been shown above, for the derivation of numerical values from
measurements of V. and K, , (Table 2) of the individual parameter
values of Ping-Pong kinetics (g, K,,, K01 ), at least one additional rela-
tionship between two of these values needs to be known. Work by Knauf
et al. (1981) and Knauf and Mann (1984b) suggests that K;;, = K,¢; .

This suggestion has been derived from studies with niflumic acid, a
compound that according to Cousin and Motais (1979) is a strictly non-
competitive inhibitor. At 150 mmol liter* CI” inside and outside the red
cells, the chloride flux was inhibited by 50% at 0.63 umol liter ' niflumic
acid. When the external CI” concentration was reduced to 10 mmol liter™*
at unchanged internal CI” concentration, the niflumic acid concentration
required to produce 50% inhibition was decreased by one-half. This effect
is related to the recruitment of the transfer sites from inward-facing (at
equal CI” concentrations inside and outside) to outward-facing (in the
presence of the outward-directed CI” gradient). This follows from the
observation that establishment of Cl; = CI, = 10 mmol liter " increased
the niflumic acid concentration needed to produce 50% inhibition to the
value of 0.63 umol liter™ originally observed at 150 mmol liter* CI°
inside and outside.

Knauf and associates interpret their findings on the assumption that the
conformational changes of the transport protein accompanying the
recruitment of the transfer site from inward-facing to outward-facing
induces an increase of the affinity of the modifier site involved in niflumic
acid binding. Thus, niflumic acid can be used to monitor the fraction of
band 3 molecules with outward-directed transfer sites.
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rRb: sSh Fig. 11. Noncompetitive inhibition. Reac-
4 AN / \K tion diagram showing the binding of the sub-
Koot 2 strate @ to the transfer site in conformations
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K?.OO arsb= “]S/ site in conformations R and S. One should
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Knauf and his associates (Knauf 1981; Knauf and Mann 1982, 1984b;
Knauf et al. 1981) have now pointed out that even when the Cl” concen-
tration is varied on both surfaces equally (i.e., @’ = a'’) Egs. 6a and 6b still
predict changes of the distribution ratio between inward-facing and out-
ward-facing conformers if the affinities K;,; and K;; are different
(Passow et al. 1980b). The work of Cousin and Motais shows, however,
that the inhibition by niflumic acid is completely independent of the vari-
ations of the equal ClI” concentrations in cells and medium. Knauf et al.
concluded, therefore, that K;,; is equal to K;;. If this is accepted, one
can calculate from the measured values of Kl' , and K1”2 (see Table 2)
the individual values of ¢ and K;; = K4, (see p. 104/105).

It is instructive to consider the reasoning of Knauf et al. in some more
detail since it illustrates a more general aspect of noncompetitive inhibi-
tion in systems with Ping-Pong kinetics (see Fig. 11).

For noncompetitive inhibition, there is no binding of the substrate a to
the modifier site (i.e., the site that combines with inhibitor b} in R or §
conformation and no binding of the inhibitor b to the transfer site in 7 or
s conformation. Furthermore, b acts only at one surface, e.g., surface "/,
where it reacts with both R and S. This is due to the fact that the modifier
site remains exposed to compartment "', regardless of whether the transfer
site is oriented toward compartment ' (r) or '’ (s). However, r is only acces-
sible to a’, s to a'’. In terms of the reaction diagram in Fig. 11, this means
that R, arR, sS, and asS react with b, while among #R, ¥Rb, sS, sSb the
forms 7R and rRb react with a', and the forms sS and sSb with ¢”’. Differ-
ences of the affinities of R and S to b"' account for Knauf’s et al. (1981,
1984) observation that recruitment of the transfer site into r or s form
affects the sensitivity of the transport system against inhibition by b.

These considerations may be formulated quantitatively, using the reac-
tion diagram in Fig. 11 and assuming mass law equilibria at the phase
boundaries, steady state, and mass conservation.
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For the equilibrium exchange flux one obtains:

) k12 }_23'- ada’
1= ° 17 77
t I Kl{}l .(1+ ).a”+qK11 '(1+_—”)'a’
1o 200 Kzo
i+ +q(HK ) aa’ + — —
202 22 1 + +q(1 + )
202 22 (16)
where
q=kis ks,

For b =0, Eq. 16 yields the uninhibited flux j;, ("' = 0) and becomes
identical to Eq. 1. The inhibition is defined as

I=1 —{ialira(p = 0]

Insertion of the corresponding expression for j;, and j;, @' =0) leads
to:
da" (1 +q)+K,e,a" +gK;,d
I=1—

r tr 1A 13

b b b
aa'{l+ +q(1+ N+ Ko (1+ ya'+gK,  (1+—)d’
U R, T T e U R

(17)

from which, by simple algebraic rearrangement, the inhibitor concentra-
tion bi' can be calculated that produces the inhibition I. Knauf et al.
(1984) determined bi’ in the presence and absence of a chloride gradient
across the membrane. For these two cases one obtains for b the follow-
ing expressions:

I a' (1+q) + gK,,
bi' = : | © (18a)
a>a" 1-1 a" ¢ + q )+q 11

Kyoo  Kj, Ko
and

I a' (1+q) + Kiy: + gk
bi, - . 1 q) 101 Kq 11 (18b)
s=a 1= ' + q )+q o, Koy

K202 K22 K20 K200

For noncompetitive inhibition, it is plausible to assume that the affinity
of the modifier site in R or S conformation is independent of substrate
binding to r or s, respectively. Hence K, 40 = K50, and K, = K, .

Experimentally, it was observed that the niflumic acid concentration
required to produce 50% inhibition in the presence of the gradient was
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lower than the concentration required to produce the same inhibition in
the absence of a gradient. In terms of the above equations (assuming *’ to
refer to the extracellular compartment) this implies K39 > K;00- The
affinity of the modifier site toward the inhibitor is larger when the trans-
fer site is facing outward than when it faces inward. The inhibitor “‘senses”
the orientation of the transfer site.

Cousin and Motais (1979) found no dependence of the inhibition by
niflumic acid on substrate concentration. In their work they varied the
chloride concentration in cells and medium equally and in the absence of
a chloride gradient across the membrane. Hence ¢’ = &"'. For this condi-
tion, Eq. 17 can be transformed into:

Ko +qKi,
1 e ——

1+qg)
( 7 1+q
I=1- ‘ N b
e bll KlOl '(1+ )+CIK1; °(1+_)
200 K&o
| +——tq(1+=—) g+
202 1(22 " "
1+ +g(1+ )

202 22

According to this equation, I can only be independent of substrate con-
centration if

b
K + gK K 1+ +gkK 1+ e
101 T 4hy, 101 ( X )+qK;: ( X )

2008 20

1 + bl! bH
7 1+ +q(1+

202 22

)

If K,o = Ky, > Ky00 = K302, then this equation can only be true if
Koy =K1

It is interesting to note that, according to the theoretical interpretation
presented above, the independence of the inhibition of the substrate con-
centration @' = a@”’ = a is only a consequence of the accident that in the
particular case of the band 3 protein, inward- and outward-oriented trans-
fer sites have equal affinities for the substrate. If this is not the case G.e.,
when K01 # K1), then the transfer site will be recruited, even at equal
substrate concentrations, on both surfaces of the membrane (Passow and
Fasold 1980; Passow et al. 1980b). Under this condition, the accompany-
ing conformational changes of the modifier site (i.e., the site which com-
bines with the inhibitor) would make the inhibition dependent on the sub-
strate concentration, contrary to what one would intuitively expect for
a noncompetitive inhibition.

Previous work on the inhibition of anion transport by dinitrophenyla-
tion of a specific lysine residue (see p. 148ff.) has been interpreted on the
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assumption that the asymmetrical organisation of the transport protein in
the membrane precludes the possibility that K,4; = K;,. Changes of the
inhibition brought about by equal variations of the substrate concentra-
tion on both surfaces of the membrane (¢' = 4" = a) under otherwise
identical conditions were interpreted, therefore, as indicative for recruit-
ment of the substrate binding site (Passow et al. 1980a,b; Passow and
Fasold 1980). This interpretation is not compatible with the interpreta-
tion of the experiments with niflumic acid. Further work is needed to
resolve which of the conflicting interpretations is correct.

The discussion presented above is not only important in the context of
the work of Knauf and his associates. It is generally necessary to realize
that in transport systems with Ping-Pong kinetics noncompetitive inhibi-
tion will usually depend on substrate concentration and thus exhibit a
feature that is held to be a typical indicator for competitive inhibition.

3.1.6.6 Temperature Dependence of Anion Transport

The apparent activation enthalpy of anion exchange is rather high (see
below). Each one of the four coefficients required to describe the trans-
port processes in terms of the model in Figs. 5—7 could, in principle at
least, vary with temperature and hence contribute to the observed ent-
halpy change. However, the apparent K, 12 value of anion transport does
not seem to change much with temperature. For example, Brahm (1977)
measured the dependence on CI' of chloride equilibrium exchange at
nearly equal chloride concentrations inside and outside the red cells and
obtained for K”2 = (gK,11K,01)/(1+q) values that increased from
28 mmol liter'! at 0°C to 65 mmol liter ' at 38°C. This would corre-
spond to an insignificant contribution of at most 2—3 kcal mol™ to the
apparent activation enthalpy. Further indications to the same effect have
been obtained for sulfate ions (Gunn 1978; Ruffing and Passow, unpub-
lished); In addition, Frohlich (1982) discusses some evidence in favor of
the assumption that the enthalpy change of the true affinity of the anions
at least to the outward-facing conformer of the transport protein is quite
small. Thus, the essential contributions to the activation enthalpy should
come from the temperature dependence of V_ __. Most of the available
data are anyway derived from measurements of anion equilibrium exchange
at nearly saturating substrate concentrations where, according to Table 2

— o ~Liya
. k,,RS ki, exp .
max = = RS (19)
1+&. 1+ kz2 exp (£31—FEy,)

kzl kz; RT
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E,, and E,, represent, respectively, the activation enthalpy pertaining
to k;, and k,,, while kis and k;’l represent corresponding temperature-
independent coefficients.

There are two limiting cases. If k,; > k;,, then V. ax = k,,RS =
klzeXp("‘Elz/RT) if k31 < kq4, then V =k, 1 RS=ky, eXp(—Ezl /RT).
Thus, sufficiently large changes of the equ111br1um between inward- and
outward-facing conformers with temperature (i.e., of the ratio k;,/k,,)
should produce a break in the Arrhenius plot.

For slowly penetrating anion species such as SO3~, the Arrhenius plot
of the self-exchange flux yields a straight line over the whole range between
0°C and 37°C with apparent activation enthalpies of about 30—35 kcal/
mol (Passow 1969, and many others, cited by Knauf 1979). The absence
of a break suggests that over the whole temperature range kis/k,y €10
or that the temperature dependence is dominated by kv, and the corre-
sponding activation enthalpy E,, or by k5, and the corresponding acti-
vation enthalpy E,; ,orthat £y, = E,,.

The various possibilities can be tested experimentally. For this purpose
it is necessary to recruit the transfer sites of all transport molecules
either inward or outward and to measure the temperature dependence of
transport under these two conditions. For SO3~ transport this can be
achieved by measuring the temperature coefficient of net exchange of
SO~ against the more rapidly penetrating C1”, when (a) SO%" is inside and
Cl” outside and (b) when CI” is inside and SO2™ outside (see p. 106ff.).
Some preliminary experiments by Legrum and Passow at 20°C and 30°C
indicate that in human red cells the apparent activation enthalpies of the
two quantities are virtually indistinguishable. This implies that the distri-
bution between sulfate-loaded transport protein molecules with inward-
facing and outward-facing transfer sites is independent of temperature
(i.e., that the reaction enthalpy associated with reorientation is zero) and
that the temperature dependence of the penetration rate is essentially
due to the conformational transition of the loaded forms of the transfer
site from facing one membrane surface to facing the other.

For the rapidly penetrating C1” and Br™, Arrhenius plots of the rate of
equilibrium exchange show breaks at 15°C and 25°C, respectively. Below
the break, the apparent activation enthalpy is about 30 kcal mol™* , above
about 20 kcal mol™! (Brahm 1977). At the break temperatures the turn-
over numbers of CI” and Br~ transport are about equal (4 X 10° ions
band 37! §7!), and hence Brahm suggested that when this turnover number
is reached a transition from one rate-limiting step to another takes place. In
terms of the Ping-Pong model this would imply that at all temperatures
ki2/k,y1 < 1 and that the break is due to a change of k,,, which in the
present context refers to the transition from inside to outside. However,
it would also be consistent with the Ping-Pong model of anion transport to
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assume that in the case of the anion species mentioned £,, is unequal to
E,.. The enthalpy change A H=E,, —E,, of about 10 kcal mol™" would
be associated with the change with temperature of the equilibrium between
band 3 molecules with inward- and outward-facing transfer sites. If this
interpretation were correct, one would have to assume that with increas-
ing temperature the halide-loaded transfer sites are recruited from pre-
dominantly inward facing to predominantly outward facing.

Eidelman and Cabantchick (1983a) have measured the ner exchange of
a fluorescent anion (NBD-taurine) in red cells against CI™, Br', or SO in
the medium. They incorporated the dye at low concentration into red
cells that had been equilibrated at a high concentration of either one of
the three anion species mentioned. The dye-loaded red cells were then
washed and resuspended in media of the respective anion composition to
follow the net efflux of the dye at a range of temperatures. They found
that in SO?” medium the Arrhenius plot yielded a straight line with
an apparent activation enthalpy E, = 30 kcal mol™" . In CI” and Br
medium, deviations were found which could be described by two differ-
ent activation enthalpies below and above certain critical temperatures
(17° £ 3°C and 29° = 5°C for Cl” and Br", respectively) which were
similar to those observed by Brahm (1977)in his studies of the equilibrium
exchange of C1™ and Br . Perhaps the findings of Eidelman and Cabantchik
can be interpreted on the assumption that the anion species that pre-
dominates in cells and medium determines the distribution ratio between
band 3 molecules with inward- and outward-facing transfer sites and that
different temperature dependences of these ratios are responsible for the
differences of the temperature dependences of NBD-taurine transport in
sulfate and halide media. Since NBD-taurine, in contrast to sulfate and the
halides, was present in a nonsaturating concentration, changes of tempera-
ture could possibly also affect NBD-taurine binding to the transport
protein, which would express itself as an additional effect on the tempera-
ture dependence of NBD-taurine transport. Further work will be needed
to clarify whether the additonal effect would be as small as for the inor-
ganic anions or if it plays a predominant role for the interpretation of the
data as suggested by Eidelman and Cabantchik.

The high absolute values of E;, and E,, still require an explanation
and it may be mentioned that Ross and McConnell (1978) proposed that
the band 3 protein may exist in the red cell membrane in transporting and
nontransporting forms and that the equilibrium between the two forms
changes with temperature. The enthalpy change of this reaction could
contribute to the apparent activation enthalpy of anion transport derived
from the Arrhenius plot.
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3.1.6.7 Pressure Dependence

The temperature dependence of transport (at constant pressure) is usually
expressed in terms of the first derivative of the measured rate konstant °k
with respect to 1/7T, the inverse of the absolute temperature:

oln’k aln°k E
o F, orRT—-==_"A
21/T aT T

These equations define the activation enthalpy discussed in the preceding
section.

Similarly, a coefficient describing the pressure dependence (at constant
temperature) can be defined by the formation of the first derivative of the
rate constant with respect to pressure P;

where the coefficient A V¥ is called the activation volume.

Canfield and Macey (1984) have studied the pressure dependence of
sulfate equilibrium exchange in intact human red cells. At 30°C, over the
pressure range 0.1—83 MPa (equivalent to 15—12 000 1b/in*) they find
increasing inhibition of transport with increasing pressure. The changes
were completely reversible and followed the straight-line relationship
predicted by the above equation when /n "kso4 was plotted against P.
From the slope, A V* =150 cm® mol™' was calculated.

The authors pointed out that this activation volume is far above the
range reported for enzyme reactions in aqueous media (—30 to +30 cm’®
mol™') and even much higher than the value reported for the Na*—K*
pump in red cells of 65 cm® mol™'. They discuss their result in terms of
volume changes that were possibly associated with anion binding and the
conformational changes of the transport protein during anion transloca-
tion across the cell membrane. By partial differentiation with respect to P
of the anion flux as described by Ping-Pong kinetics (see Eq. 1, witha' =
a'' = a), they arrive at the following expression:

alnj, K1/2 aanm +aln V nax
3P K1/2+a apP aP
where
Ko, + gk ki “k S
K _ B gig and V 12 21

1/2 1+g max“k”_‘_k21



Molecular Aspects of Band 3 Protein-Mediated Anion Transport 117

In this equation, dln j;, /3P corresponds to the activation volume
A V* and 8ln K/, /0P to A Vy,, the volume change pertaining to anion
binding to the transfer site. A careful discussion of their results in the
light of this equation led the authors to conclude that AV} is much
smaller than A V* and hence that the latter largely reflects the volume
changes a/n V,,,,/0P that refer to the conformational changes of the
transport protein during anion translocation. This conclusion is well
supported by many other findings on the kinetics of band 3 protein-
mediated anion transport and will reappear as a leitmotiv throughout
the rest of the review.

3.1.6.8 Alternatives to Ping-Pong Kinetics

It has been repeatedly stated that in systems without modifier sites
Ping-Pong kinetics lead to equations that are formally identical to the
Michaelis-Menten equation. The saturation kinetics predicted should show
a Hill coefficient of 1.0. This has actually been observed in many instances,
most recently by Hautmann and Schnell (1985), who were able to extend
their measurements to anion concentrations below 1 mmol liter ! . This
does not exclude the possibility that below the range were Ping-Pong
kinetics have been established one or several additional anions are bound
and that such anion binding could be a prerequisite for the transport
process to take place. Thus, it has been speculated that anion transloca-
tion across the membrane can only take place when two anions are bound
to the transport protein at the opposite membrane surfaces and that dur-
ing the translocation step these anions change place. This would imply
that there exists an obligatory coupling of the movement of two anions
with the transport-related conformational change of each band 3 protein
molecule. Such a mechanism would be entirely different from the Ping-
Pong mechanism where anion transport is the result of the independent
transfer of single anions by each transport molecule and where the 1:1
stoichiometry of the exchange follows from the necessity to maintain
electroneutrality in the bulk solutions on the two surfaces of a cation-
impermeable membrane.

Attempts to demonstrate the occurrence of coupled anion movements
have failed so far (for review, see Knauf 1979; Gunn and Frohlich 1982).
It should be noted, however, that the mathematical formalism of Ping-
Pong kinetics would still apply at anion concentrations above the range
at which one of the two sites is occupied by the more firmly bound
anion. Moreover, a report by Salhany and Rauhenbiihler (1983) suggests
deviations from Ping-Pong kinetics which do not seem to fit into the
concepts developed above and which should be studied further.
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3.1.7 Modification of Substrate Transport by Substrate Binding
to Modifier Sites

3.1.7.1 Discussion in Terms of Allosteric Interactions Between Transfer
and Modifier Site (Dalmark 1975)

As has already been pointed out (p. 90), the relationship between
equilibrium exchange and substrate concentration passes through a
maximum. This has been interpreted as a superimposition of saturation of
the “transfer site” that is involved in anion translocation and an inhibition
by saturation of a “modifier site’” (Dalmark 1975 see Table 1). For most
inorganic anion species studied, the apparent dissociation constants for the
modifier site vary roughly parallel with the apparent dissociation constants
for the transfer site and are about four to eight times higher than the lat-
ter. Bicarbonate and thiocyanate constitute exceptions. The latter shows a
particularly low value for the apparent dissociation constant of the trans-
port site and an immeasureably high value for the modifier site (Dissing
et al. 1981).

An equation that describes the effects of anion binding to the modifier
site can be derived from the reaction network in Fig. 9a and Eq. 2 (Dal-
mark 1975). Dalmark’s derivation involves two simplifying assumptions:
(1) in inward- and outward-facing conformers of the transport protein,
the respective affinities of transfer and modifier site are equal (K190 = K0,
Kioi = K11, K0y =K, Ki9s = K,3) and (2) anion binding to the modi-
fier site does not change the affinity for anion binding to the transfer site
and vice versa (K 90 = K192, Kio1 = Ki03). The ensuing equation reads
(Dalmark 1975):

ji2 =kia *RS - (14q)™" « (14K, 0, /)" + (14a/K 00) " (20)

where K50 and K,,, are the dissociation constants for modifier and
transfer site, respectively, and g = k,, /k,, . It should be noted that allo-
steric effects on the modifiersite (characterized by the differences between
Koo and K, 4, or K, and K, ) due to increasing occupancy of the trans-
fer site should be difficult to detect since K;o0/K10: 1S approximately 5
{Table 1) and hence in most band 3 molecules the transfer site will be
occupied before the occupancy of the modifier site becomes measurable.
Further justification for the simplifying assumptions comes from Knauf
and Mann’s (1984b) work with niflumic acid. Although the agent is
capable of sensing the orientation, the fractional inhibition that it produces
is independent of the degree of saturation of transfer and modifier site,
indicating that chloride binding has no effect on the orientation of the
transport molecule. This would only be the case if Kyo, = K, and if the
orientation of the modifier site did not change upon increasing occupancy
with C1™.



Molecular Aspects of Band 3 Protein-Mediated Anion Transport 119

Fig. 12. Dependence of chloride self-exchange on ook
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Attempts to find out whether Dalmark’s modifier site faces toward the
cytosol or the medium have resulted in a number of studies which revealed
the existence of two instead of one halide-binding modifier site. One of
them faces inward, the other outward. Dalmark’s site is identical with the
former.

The evidence for this conclusion is as follows: Knauf and Mann (1984a)
varied the extracellular CI” concentration from 150 to 600 mmol liter™
at a fixed intracellular C1”~ concentration of 600 mmol liter'* and found
no effect on the rate of Cl™ self-exchange. When they varied the internal
Cl” concentration over the same range at a fixed extracellular concentra-
tion of 600 mmol liter ', they observed inhibition. This inhibition was
not significantly different from the inhibition produced when intra- and
extracellular CI™ concentrations were varied equally on both surfaces.
These observations are in full agreement with essentially similar work of
Gunn and Milanick (1982, 1983). They show clearly the involvement of
an inhibitory modifier site at the inner membrane surface with properties
that account for the original observations of Dalmark.

The occurrence in the outer cell surface of yet another modifier site is
inferred from the work of Wieth and Bjerrum (1982) and Knauf (1985).
When the dependence of CI” equilibrium exchange on external pH is
measured at constant internal pH, a site can be titrated whose deprotona-
tion (pK = 10.7) is associated with an enhancement of Cl~ transport (Fig.
12). This site is involved in the binding of NAP-taurine, a sulfonic acid
that is accepted as a substrate by the transport system and thus is capable
of producing competitive inhibition. At the same time the agent causes
inhibition at an additional site which is probably identical to the site that
deprotonates with the pK of 10.7 (Wieth and Bjerrum 1982). NAP-taurine
(Knauf et al. 1978a, 1980; Knauf 1982) and a related compound, NIP-
taurine (Knauf 1984, personal communication), compete with Cl~ for
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binding to this site, indicating that it is a substrate-binding site. The
apparent affinity of Cl™ for this site is similar to that for the intracellular
Cl™-binding modifier site (i.e., Dalmark’s site). The extracellular site, in
contrast to Dalmark’s site, responds to variations of the Cl” concentra-
tion gradient across the membrane and hence is allosterically linked to
the recruitment of the transfer site. Its functional significance is still
obscure.

3.1.7.2 Discussion of Substrate Self-Inhibition in Terms of Substrate
Binding to Approach Sites in an Anion Channel with Variable-Energy
Barriers ( Tanford 1985)

Dalmark’s description of the self-inhibition of anion exchange stipulates
the existence of a modifier site whose functional significance for the trans-
port process remains unexplained. Recently, Tanford (1985) has reinter-
preted the self-inhibition by a model which, in the present context, is best
described as an expansion of Lduger’s model of a channel with variable-
energy barriers (Lduger 1980, 1984). Tanford’s model assigns a specific
function to the sites whose occupancy by the substrate is responsible for
self-inhibition.

In accord with existing views, Tanford argues that the conformational
change that brings about the transport cannot move the anion over a dis-
tance as large as the thickness of the lipid bilayer. For this reason he
agrees with the idea that the anion-binding site between the rate-limiting
alternating energy barriers is located within the protein molecule some
distance away from one or both membrane surfaces and that this site is
connected to the internal and external solutions by narrow channels. The
occupancy of “approach sites” in these connecting channels would deter-
mine the probability of the combination of a diffusing anion with the
alternating access site or the release of a bound anion from this site into
the channel. At low concentrations, the approach sites would direct the
penetrating anions toward or away from the alternating access gate and
thus facilitate transport. At high substrate concentrations, the approach
sites 'would be occupied by the substrate anions. This would make it
impossible for the alternating access gate to release an anion into the
adjacent medium and thus lead to self-inhibition (Fig. 6).

An equation for the relationship between equilibrium exchange and
substrate concentration predicted by this model has been derived by Tan-
ford. Tt is based on several simplifying assumptions: (1) Each one of the
two access channels connecting the alternating access site to cell interior
and the medium contains only one approach site; (2} each of the two
approach sites is in rapid equilibrium with the adjacent bulk solutions; and
(3) there are no interactions between the approach sites and the alternat-
ing site. The latter assumption is equivalent to postulating that the equilib-
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rium constants describing anion distribution between the two bulk phases
and the corresponding approach sites, and the rate constants for the alter-
nations of the energy barriers of the alternating access site are indepen-
dent of the occupancy of the approach sites.
On these assumptions, for the unidirectional flux j,, the expression:
C-a

i, = can be derived.
e T A+ Ba?

Here 4, B, and C are constants and a is the substrate concentration.
This equation is formally identical to the Dalmark equation (Eq. 20), as
may be seen after suitable algebraic rearangement. However, the constants
have a different physical meaning; they represent rather complex expres-
sions which depend on the occupancy of the various sites and hence on
affinity and rate constants. The observation that self-inhibiton of Cl”
exchange occurs exclusively from the inside surface of the membrane
would imply for the present model that there exists only one approach
site inside the inward-directed approach channel. For this situation, the
mathematical structure of the above equation remains unaltered, although
the constants 4, B, and C no longer include the terms that refer to exter-
nal approach sites.

It is important to note that Tanford’s model predicts self-inhibition
only if the rate of exchange of an anion between the approach sites and
the alternating site is of the same order of magnitude as the rates of alter-
nation of the heights of the energy barrier at the alternating access site.
This would seem to be the case for all anion species studied so far with the
exception of thiocyanate (Table I).

3.1.8 pH Dependence of Monovalent Anion Transport

The pH range over which anion equilibrium exchange can be measured is
limited to5 < pH < 9. This is predominantly due to effects on the proteins
that constitute the cytoskeleton, as has been convincingly documented for
the case of low pH. When the pH falls below 5 and thus below the iso-
electric point of band 3 protein (Schubert and Domning 1978) and spectrin
(Wieth et al. 1980), an aggregation of the intramembrane particles occurs
(Bjerrum et al. 1980). This is accompanied by a gradual increase of the
permeability for small hydrophilic ions and molecules (Gunn et al. 1973;
Wieth et al. 1980). Although these changes are almost completely revers-
ible after retitration to pH 7.2 and incubation at 37°C, they set a lower
limit to the study of anion equilibrium exchange at equal pH outside and
inside the red cells.

However, titration over a wider range of external pH values can be per-
formed when the intracellular pH is maintained at a constant value within
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the pH limits where the changes described above do not take place (Wieth
and Bjerrum 1982). Three dissociating groups can thus be identified with
pKs of about 5.2, 11, and 12. Protonation of the groups with pK 5.2 and
deprotonation of the groups with pK 12 leads to an inhibition of trans-
port, while deprotonation of the group with pK 11 results in an activa-
tion. The lowest pK value can be attributed to a COOH group, the two
higher values to arginyl residues. The identity of the groups responsible
for the pKs of 5.1 and 12.0 has been further established by chemical
modification experiments which will be described in a later section.

The arginyl residue that titrates at pH 12 (see Fig. 12) is most likely
located in close proximity to the substrate binding site that is involved in
anion translocation. Its properties have been studied in much detail. The
pK value decreases with decreasing CI” concentration in the medium, which
has been attributed to a change of the local pH in the vicinity of the
arginy! residue due to an increase of the negative surface potential (see
Sect. 4.3.2).

The outward-facing arginyl residue that titrates at pH 11 is a constitu-
ent of one of the substrate-binding modifier sites discussed above (Wieth
and Bjerrum 1982).

Finally, titrating simultaneously the inner and outer surface within the
pH limits described above showed an inhibition of equilibrium exchange
at pH values below 7.1. This seems to reflect the minor contribution of
titratable groups that are in contact with the outer cell surface and the
major contribution of a group that is exposed at the inner cell surface
(Wieth et al. 1980).

There are some conflicting reports on the role of Cl™ in the titration of
the intracellular proton-binding site (discussed by Wieth et al. 1980).
Earlier work by Dalmark suggested that the inhibition of the CI” transport
by H* is not affected by chloride binding. In contrast, Gunn and Milanick
(1982, 1983) report that at constant external pH and Cl™ concentration
the inhibition not only depends on internal H* but also on internal CI".
When the internal C1™ concentration is varied at several fixed internal pH
values between 5.7 and 7.8, the ¥ values are independent of internal
pH. However, when the internal pH is varied at a range of constant inter-
nal Cl™ concentrations, with increasing internal Cl™ concentration level,
the inhibitory effect of H* is decreased. When the pH limits indicated
above are exceeded, noncompetitive components of the effects of internal
protons become apparent {(Gunn and Milanick 1983).

Milanick and Gunn (1982a) studied the interactions between binding
of extracellular H* and C1™. They tried to determine the effect of proton
binding to the transport protein under conditions where the transfer and
modifier site are either unloaded or loaded with one or possibly two Cl”
ions. They found that reaching the peak flux at which activation by sub-
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strate saturation of the transfer site is balanced by substrate saturation of
the inhibitory modifier site requires a Cl~ concentration of 100 mmol
liter'* at pH 6.8, butonly 10 mmol liter™" at pH 4.1. Apparently the affin-
ity of an outward-facing inhibitory modifier site to Cl~ is greatly increased
by proton binding.

3.2 Divalent Anion Transport

The kinetics of divalent anion transport resemble in many respects the
kinetics of monovalent anion transport. Equilibrium exchange shows
saturation kinetics with self-inhibition at high substrate concentration
(Passow et al. 1977; Schnell et al. 1977, Barzilay and Cabantchik 1979b).
The activation enthalpy has the same unusually high value as for mono-
valent anions, and monovalent anions produce a competitive inhibition
of divalent anion exchange (Schnell et al. 1977). Finally, a large number
of inhibitors produce the same fractional inhibition of C1~ and SO}~ trans-
port (Ku et al. 1979). Nevertheless, there exist two important differences
between monovalent and divalent anion equilibrium exchange: (1) The
rate of transport for the divalent anions is many orders of magnitude
lower than for the monovalent anions. (2) Monovalent anion transport
increases with increasing pH until a plateau or a flat maximum is reached
above pH 7.0 (Gunn et al. 1973; Funder and Wieth 1976, Fig. 13a), while
divalent anion transport passes through a pronounced maximum around
pH 6.3-6.5 (Schnell et al. 1977, Fig. 13b)”.

The differences of pH dependence have been related to the observation
that divalent anions penetrate across the intact red cell membrane together
with a proton (Jennings 1976). Thus, when Cl -containing red cells are
suspended in a (CO, -free) SO medium, each mole of Cl” that leaves the
cells is replaced by 1 mol H* plus 1 mol SO%". This gives rise to an easily
measurable increase of the pH in the external medium. Correspondingly,
a decrease is seen when SO -containing red cells are suspended in a Cl”
medium.

The first explanation of the differences between monovalent and diva-
lent anion transport was provided by Gunn’s model of a titratable carrier
(Gunn 1973). It was suggested that the transport system could exist in
two interconvertible forms: one doubly protonated, the other singly pro-

7 A third difference seems to exist with respect to concentration dependence. For Cl™
transport, down to less than | mmol liter *, the relationship between flux and con-
centration yields a Hill coefficient close to 1.0 (Hautmann and Schnell 1985).
Under certain experimental conditions, according to Schnell and Besl (1984), for
sulfate and phosphate transport a Hill coefficient close to 2.0 is found
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tonated; the former combining with divalent anion species, the latter with
a monovalent anion species (see Gunn 1978, 1979).

In such a system increasing the pH increases the singly protonated form
of the carrier and enhances the rate of monovalent anion transport. The
concomitant decrease of the divalent forms should decrease the rate of
divalent anion transport. A quantitative evaluation of existing data on the
pH dependence of SO3~ equilibrium exchange above the pH maximum
yielded an excellent agreement with these predictions (Passow and Wood
1974). However, an investigation over a much wider pH-range showed dis-
crepancies (Schanell et al. 1977). The model predicted that the Vmax for
SO%™ should be independent of pH and that the pH dependence should
essentially be accountable for by variations of the apparent K value for
substrate binding. It was pointed out by Knauf in 1979 that the experi-
mental results of Schnel! and his associates showed that this prediction of
the titratable carrier theory could not be confirmed: both ¥ . and the
K, , value for SO%" transport were functions of pH. It was proposed,
therefore, by Legrum et al. (1980) that the binding of a proton was not
the prerequisite of divalent anion binding as postulated in the original
hypothesis of Gunn. It was shown that Schanell’s data could be interpreted
at least qualitatively if one assumes that sulfate binding may take place
regardless of whether or not a proton was previously bound, but that the
translocation of the bound SOZ%™ ion across the membrane could only take
place when a proton was also bound (Fig. 13). This hypothesis was inde-
pendently developed by Milanick (1980) and Milanick and Gunn (1982a)
and studied in quantitative detail by determining the influence of H* and
SO} on Cl transport at 0°C. It was observed that protons and sulfate
were both able to inhibit Cl™ transport and that the effects were cumula-
tive rather than mutually exclusive. It was further shown that SOz~
could inhibit Cl~ transport by binding when no proton is bound and that
SO2~ and proton binding facilitated each other, each reducing the appa-
rent K| for the other to about 10% of the original value. Under the experi-
mental conditions described, in contrast to CI” transport, the rate of the
SO}~ transport is essentially limited by the supply of protons. This would
explain not only why SOZ~ transport decreases with increasing pH while
Cl™ transport remains constant, but also, to a certain extent, why the
absolute values of the exchange rates are much lower for SO3” than for
Cl.

Although the observations described above remove an obvious objec-
tion against Gunn’s model of a titratable carrier, it remains to be shown
that the proton whose binding to the band 3 protein activates sulfate
transport is the same as that responsible for the inhibition of chloride
transport. The demonstration of a causal relationship between the inverse
effects of H* on C1” and SO}~ equilibrium exchange encounters the dif-
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Fig. 13. a Chloride equlhbrlum exchange as a function of pH. Ordinate, rate constant
in min™!, as measured at 0°C. Human red cell ghosts. Chloride concentration inside
and outside the ghosts, 160 mmol liter *. (Funder and Wieth 1976). b Sulfate equilib-
rlum exchange as a function of pH. Ordinate, rate constant in min~', as measured at
30°C. Human red cell ghosts. Sulfate concentration inside and outside the ghost,
108 mmol liter *. ¢ Diagrammatic representation of anion/proton cotransport. a,b,
monovalent and divalent anion specnes respectlvely 7,8, transfer site, facing compart-
ments and respectwely o, r+H'; ; 9, stH' represent proton-bmdmg to transfer site
at surfaces and , respectively. Ks mass law constants; ks, rate constants. According
to this diagram, the anion species ¢ and b compete for the various forms of the transfer
site {protonated and deprotonated, facing compartment ' and "'). There is no slippage
(i.e., there are no transitions r = s and p = 0¢). The transitions k;s, k51, and k1129
k3211 are slow compared with the transitions ky 155, ks511 and k5, ko1 respectively.
It has been suspected that after dansylation the transitions k{5 and ks, may take place
at a rate exceeding those of the transitions k1155 and k5513 . The reaction network is
based on Legrum et al. (1980) and Gunn and Milanick (1982). The equations describ-
ing anion equilibrium exchange as a function of pH and anion concentration for a

single divalent anion species in cells and medium have been published by Legrum et al.
(1980)
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ficulty that SO?" equilibrium exchange passes through a maximum while
Cl” equilibrium exchange does not. This suggests that the rate of SO~
equilibrium exchange is the result of two counteracting effects: an activa-
tion of sulfate transport by protonation of the substrate binding site and
an inhibition by the protonation of another proton-binding site that is
allosterically linked to the substrate-binding site. To differentiate between
the effects of proton binding to these two sites, Milanick and Gunn (1984)
measured the pH dependence of SO}~ net uptake by chloride-containing
red blood cells at fixed intracellular pH in all sulfate media of varying pH.
Under these conditions, the degree of protonation of the inward-facing
proton-binding modifier sites is constant and all transfer sites are recruited
to the outer membrane surface (see p. 106ff.). Hence changes of the proto-
nation of the band 3 protein are confined to changes at an outward-directed
proton-binding site. Milanick and Gunn observed that the pH maximum
seen at equilibrium exchange is now replaced by a monotonic increase of
transport with decreasing pH until a plateau is reached. The relationship
between transport and external pH could be described by a single dissocia-
tion constant of pK 5.5 at 0°C and 5.9 at 22°C. The pK value of 5.5 is close
to the pK that governs the inhibition of Cl flux as measured at 0°C. This
provided strong support for the idea of an interconversion of the band 3
protein by protonation from a carrier for a monovalent anion into a carrier
for a divalent anion.

Although H*/SO2" cotransport is the predominant mode of sulfate trans-
port across the red cell membrane, SO~ ions can also be transported with-
out accompanying proton (Milanick and Gunn 1984). This possibility, first
envisaged by Legrum et al. (1980), plays a role in the interpretation of the
effects of dansylation of the red cell membrane on SO2~ transport.

After dansylation of the human red cell membrane the pH dependence
of the band 3 protein-mediated (i.e., H, DIDS-sensitive) SO}~ transport is
changed. The maximum between pH 6 and 7 disappears and is replaced by
a plateau above pH 7.0. Thus a pattern appears that is characteristic for
monovalent anion transport. This suggests a loss of the ability of the
band 3 protein to discriminate befween monovalent and divalent anion
species. Regardless of their charge, the anions are treated like monovalent
anion species. The appearance of the plateau in the dansylated red cells
implies that the enhancement of SO}~ equilibrium exchange increases with
increasing pH. This is due to the decrease of the rate of H"/SO3™ cotrans-
port in the untreated control cells: the lower the rate of transport in the
control, the higher the enhancement required to reach the plateau levels.
At sufficiently high pH values, a several hundredfold enhancement above
the untreated control has been observed (Lepke and Passow 1982; Legrum
et al. 1980; Berghout et al. 1984; see p. 166). The reason for the loss of
discrimination between mono- and divalent anions is unclear. The cotrans-
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port of H* and SO%~ continues to exist as in the untreated membrane over
the whole pH range that is accessible for cotransport studies {pH 6.0-7.2).
Perhaps, the changes seen in the dansylated red cells at higher pH values
represent an additional transport of SOZ~ without an accompanying
proton, suggesting that such mode of operation of the transport protein
is feasible in principle, although too small to be detectable under physiol-
ogical conditions (Berghout, Legrum, and Passow, unpublished work,
1985). Technical problems have prevented us so far from establishing
whether the enhanced SOZ~ transport does or does not contribute to the
conductance of the membrane.

The kinetics of phosphate transport are essentially similar to those of
sulfate transport, including the pH dependence with its characteristic
maximum. Similar to sulfate transport, V., of phosphate transport is
much more affected by the pH variations than K, (Schnell et al. 1981).
The interpretation of the data is complicated by the fact that over the
physiological pH range there are variations of the ratio between monovalent
and divalent phosphate ions. Attempts have been made by Runyon and
Gunn (1984) to determine the relative contributions of H, PO, and HPO2™
to the total phosphate flux as measured by means of *?PQ, . In a prelimi-
nary report they reach the conclusion that the penetration rate of the
divalent species is negligible compared with that of the monovalent species.
The different effects of dansylation on monovalent and divalent anion
exchange were used by Berghout et al. (1985) to address the same question.
After dansylation at a fixed pH, the phosphate exchange was measured at
a range of pH values. It was partially inhibited at low pH where H, PO,
predominates and considerably enhanced at high pH where HPO}~ prevails.
The result of the two opposite effects is the nearly complete disappearance
of the original pH dependence of phosphate equilibrium exchange which
shows in untreated red cells a maximum around pH 6.3. Since dansylation
is known to inhibit transport of monovalent C1™ and to enhance transport
of divalent SOZ~, the effect of dansylation on both monovalent and divalent
phosphate ions suggests that both ion species are capable of penetrating.

In this context it should be mentioned that in the red cell of a fish,
Salmo irideus (trout), divalent anion equilibrium exchange as measured by
means of SO3™ in the pH range 6—8 is nearly independent of pH and that
H*/SOZ%" cotransport can only be observed at temperatures far above the
trout’s physiological temperature range (i.e., above 40°C). The red cell
membrane of the fish contains a protein that combines with H, DIDS and
migrates at the same location and with the same diffuse appearance as the
band 3 protein of the mammalian red cells (Romano and Passow 1984;
Passow et al. 1984a). Thus, it may be concluded that there exist homolo-
gues of band 3 in which the capacity to mediate H*/SO, cotransport is
less developed than in the red cells of other vertebrates and which behave
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somewhat similarly to the dansylated band 3 protein in the human red cell
membrane. There exists, however, one difference. Even after dansylation,
in the human red cell divalent anion transport still shows the same high
activation enthalpy of 30 kcal mol™" as in the untreated membrane (Legrum
et al. 1980) whereas in the fish red cell the activation enthalpy for the
band 3-mediated transport is about one-half the activation enthalpy deter-
mined in mammalian red cells (Romano and Passow 1984 see also Obaid
et al. 1979). Interestingly enough, in the red cells of the urodele Necturus
and the amphibian Xenopus H*/SO3™ cotransport is easily observed
(Passow et al. 1984a). In the latter, the activation enthalpy of SO}-
equilibrium exchange is similar to that in mammalian red cells at tem-
peratures below 18°C and above that temperature more similar to that in
the fish red cells (Morgan and Passow, unpublished work).

In conclusion of this section, it may be added that protons are not only
cotransported with divalent anion species (Jennings 1978). In CO, -free
media, containing Cl~ or other halides as the principal anion species present,
the proton equilibration after an acid or alkaline pulse can be described
by the equation J = ky (Hi* Cl - Hg Cl;), where ky; is a rate coefficient
that varies only little over the pH range 5.5-7.0. This equation can be
derived on the assumption that the monovalent anion exchange system
mediates an H*/Cl™ cotransport. The rate of the net H* movements
decreases in the sequence C1™ > Br” > 1™ parallel to the relative rates of
Cl7, Br” and I” self-exchange. It can be reduced to very low values by
H, DIDS and shows a temperature dependence that can be represented by
an activation enthalpy of 27 kcal mol™ between 5°C and 13°C and of
16 kcal between 13°C and 37°C. The absolute values of the rate constant
for the net movements of H* and Cl™ are much lower, however, than the
values for the rates of the corresponding Cl™ equilibrium exchange (Jen-
nings 1978).

4 Molecular Basis of Kinetics

In the preceding section the kinetics of anion transport were discussed in
terms of anion binding and translocation by a ‘“‘transfer site”” whose activ-
ities are subject to the influence of allosterically linked “modifier sites.”

Studies from this and other laboratories have made it clear that the
transfer site is composed of many amino acid residues that are contrib-
uted by different segments of the peptide chain. These residues consti-
tute a region similar to the active center of an enzyme, which is capable
of undergoing cyclic variations of its structural organization during sub-
strate binding and translocation.
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The modifier sites may consist of single amino acid residues that exert
their influences upon the transfer site by changes of their state of protona-
tion or oxidation or after covalent reaction with suitable modifiers. How-
ever, similar to substrate binding, the binding of noncovalently reacting
modifiers may require the involvement of many different amino acid
residues. In such cases, the binding may not simply depend on the spatial
arrangement of the amino acid residues in the unmodified protein mole-
cule, but also on the properties of the modifying agents. Similar to the
substrates at the transfer site, the modifiers may interact with the amino
acid residues at their respective binding sites by electron exchange or by
ionic, dipolar, hydrophobic, or other forces. This may lead to a rearrange-
ment of flexible regions of the peptide chain until a new configuration of
minimal free enthalpy is obtained (induced fit). Thus the exploration of
both binding and effects of specific modifying agents may provide infor-
mation about the local properties of specific regions of the transport
protein and about the relationships between these regions and the transfer
site.

Among the amino acid residues that constitute the transfer site and
the physiologically significant modifier sites {i.e., modifier sites that
combine with substrate ions and protons), only a few have been identified
so far. Since, in addition, the folding of the peptide chain of the trans-
port-related domain of the band 3 protein is still largely unknown, our
current views on the molecular basis of anion transport are essentially
fimited to inferences drawn from studies of the effects of chemical and
enzymatic modification on the kinetics of the transport process. In
these studies, the use of H,DIDS and related stilbene disulfonates
proved to be of singular value (Knauf and Rothstein 1971; Cabantchik
and Rothstein 1974a). These nonpenetrating compounds inhibit anion
transport at the outer membrane surface, but are ineffective at the inner
membrane surface (Passow et al. 1975; Zaki et al. 1975; Kaplan et al.
1976; Barzilay and Cabantchik 1979b; and others). Their binding site
seems to overlap with the outer entrance to the anion channel. It is
very susceptible to controlled chemical and enzymatic modification
and has been explored in great detail. Much of what follows is concerned,
therefore, with results of these explorations and the conclusions drawn
from them concerning the structure of the anion channel and the mole-
cular mechanism of anion transport. Although some slowly penetrating
compounds are known that inhibit anion transport by reacting at the
inner membrane surface (e.g., APMB, NAP-taurine), their site and mode of
action has been studied much less extensively than that of the stilbene
disulfonates at the outer membrane surface. For this reason almost noth-
ing is known about the properties of the channel inside the band 3 protein
and of its internally facing orifice. So far, no more than a few unrelated
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observations have become available that shed some light on these other
aspects of the mediation of anion transport by the band 3 protein.

4.1 Stilbene Disulfonate Binding Site

4.1.1 Relationship Between Binding Sites
for Substrates and Disulfonates

4.1.1.1 Evidence from Measurements of Substrate Binding by Nuclear
Magnetic Resonance Spectroscopy

Direct evidence for binding of stilbene disulfonates and substrates to over-
lapping sites comes from the study of anion binding by nuclear magnetic
resonance (NMR) spectroscopy. The physiologically most important anion
species, **Cl", yields in aqueous solutions a single NMR resonance of
Lorentzian shape. When C1” is bound to a protein, the shape of the reso-
nance spectrum remains virtually unaltered but the line width at half
height of the resonance line is increased. The line width observed is the
result of the linear superimposition of the contributions of the line widths
of free and bound chloride, whereby different species of chloride-binding
sites may make different contributions at equal fractional occupancy. This
well-known observation forms the basis for measurements of Cl™ binding
to the band 3 protein both in leaky (Shami et al. 1977; Falke et al. 1984a)
and resealed red cell ghosts (Falke et al. 1984b). The results obtained can
be summarized as follows:

There exist two classes of chloride-binding sites, one with low, the
other with high affinity. The chloride bound to the high-affinity sites is
released upon addition of the stilbene disulfonate DNDS. From the depen-
dence of chloride release on DNDS concentration, an apparent dissocia-
tion constant for DNDS binding could be calculated. A value of 6.4 uM
was obtained, which is close to the value of 4.4 uM, derived from inhibi-
tion of chloride flux as measured at the same chloride concentration of
150 mmol liter *. I, Br", F~, and HCO; were found to compete with Cl1~
for the high-affinity site. The sequence of the relative affinities for binding
as determined by NMR was the same as derived from the competitive
inhibition of Cl™ transport by the anion species mentioned. The findings
described suggest that the binding site for DNDS overlaps with the anion
transfer site (Falke et al. 1984a).

The chloride bound to the low-affinity binding site is not released by
DNDS and the relative affinities of 17, Br™, Cl™, F~, and HCO; to this site
are different from those to the high-affinity site. This is in accord with the
view that the low-affinity site binds substrate ions that are not transported
by the protein molecule. It remains to be established whether or not the
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low-affinity binding site is identical to Dalmark’s modifier site (Falke et
al. 1984a).

4.1.1.2 Evidence from Inhibition Kinetics

Obtaining evidence for the overlap of the binding sites for substrates and
stilbene disulfonates from kinetic studies was facilitated by the fact that
the binding of H, DIDS proceeds in two consecutive steps (Cabantchik
and Rothstein 1974a; Lepke et al. 1976): The first is reversible and com-
plete in less than 1 s. It leads to inhibition of transport. The second
requires minutes or hours, depending on pH and temperature. It is irre-
versible and consists of covalent reactions of its two isothiocyanate groups
with two lysine residues in two adjacent segments of the peptide chain,
which leads to the formation of an intramolecular cross-link (Jennings and
Passow 1979). The covalent reactions produce no further effect on trans-
port.

At low temperature (0°C) and low pH (7.2) the rate of covalent bond
formation of reversibly bound H, DIDS can be reduced to the point where
it is possible to demonstrate competition with Cl” before the irreversible
reaction interferes (Shami et al. 1978). In view of the extremely low
apparent K; of 0.046 mmol liter * it was necessary to use high concentra-
tions of extracellular CI™ to obtain measurable competition. Thus, although
the data provided an important clue it was not possible to exclude that
the observed effects were due to “allosteric competition” (Passow et al.
1980a,b), involving two distinct but allosterically linked sites rather than
direct competition for the same site. Subsequent work has shown that
tetrathionate, an anion with two sulfonate groups, joined together by a
dithiol bridge showed a mixed type of inhibition which could best be
explained by the involvement of an anion-binding modifier site (Deuticke
et al. 1978). This site could, perhaps, be identical to the outward-facing
NAP-taurine-binding site discussed on p. 164, which is different from
Dalmark’s modifier site but, like Dalmark’s site, capable of substrate bind-
ing. However, in more recent work with noncovalently binding stilbene
disulfonates (see Fig. 14) that were radioactively labeled (DNDS, Frék-
lich 1982), fluorescent labeled (DBDS, Rao et al. 1979), or spin labeled
(NDS-tempo, Schnell et al. 1983), it was possible to study competition at
low substrate concentration where anion binding to the inhibitory modifier
site plays little if any role. Both the inhibition of transport as well as the
directly measured binding of the inhibitor showed clear evidence of com-
petition for the transfer site® with indistinguishable values for the apparent
Ky’s for inhibition of anion exchange and the dissociation constants for
stilbene binding.

8 See footnote to p. 134
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Fig. 14. Stilbene disulfonate derivatives and related compounds

Work of Wieth and Bjerrum (1983) suggests that the stilbene disulfonate binding
site does not only overlap with the transfer site but also with the substrate-binding
modifier site that is located in the outer cell surface and different from Dalmark’s
site. The Danish authors measured the inhibition by DNDS of chloride self exchange
at 0°C at pH values up to about 12.0. Their measurements were performed at a chlo-
ride concentration in the external medium that was sufficiently high to saturate nearly
the outward-facing transfer site, but much too low to saturate the modifier site. Under
these conditions, in the controls without DNDS, the Cl™ transport remains unchanged
up to about pH 11 and decreases when this pH is exceeded. There was no indication of
the stimulation of Cl1~ transport that is observed around pH 10.7 as a consequence of
Cl™ release from the chloride-saturated modifier site when this site is deprotonated
by increasing the pH at high Cl™ concentration in the medium (see p. 119). However,
a stimulation of CI™ transport was seen when the titration was performed in the same
low C1” medium in the presence of DNDS at a concentration that produced about 50%
inhibition at physiological pH values. According to the authors this suggests that the
DNDS was released, at least in part, as a consequence of the deprotonation of the
modifier site (pK 10.7) rather than of the transfer site and that the release from the
modifier site leads to a decrease of inhibition of anion exchange.

Interestingly enough, at pH values exceeding those required to deprotonate the
modifier site, the inhibition by DNDS at the transfer site also disappears, together with
the gradual loss of the capacity to mediate Cl” exchange due to the deprotonation of
an arginine residue near the transfer site. Whatever the final explanation of this latter
finding may be it is clear that the observations strongly suggest a close spatial proxim-
ity of transfer site and the outward-facing modifier site.
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Table 3. Effects of varying the chloride gradient across the human red cell membrane
on inhibitory potency of NAP-taurine and Hy DIDS. (Knauf et al. 1980)

Cl;/Cly Kip (w)
NAP-taurine 0.93 23.8

5.33 10.7
H,DIDS 0.99 0.12

4.75 0.053

The external Cl1” concentration was 10 mmol liter ! in all experiments. pH was 7.2.
K, 1 /2 indicates the inhibitor concentration in the external medium at which Cl~ ex-
change is inhibited by 50%

4.1.2 Recruitment of Binding Sites for Substrates
and Stilbene Disulfonates

Knauf et al. (1980) (Table 3, lower half), Furuya et al. (1984), and Froh-
lich (1982) investigated the stilbene disulfonate binding at a range of out-
ward-directed Cl~ gradients across the membrane, thereby recruiting the
transfer sites of the transport molecules into the outward-facing confor-
mation. They obtained clear evidence for a recruitment of the stilbene
disulfonate binding site: When the inner surface of the membrane is
saturated with CI', while the outer surface is unsaturated (i.e., K o:/
a < K,,/a" in Eq. 15b, then K”pp K3, (seep. 108),i.e., equal to the
true dissociation constant. Under this condition Frohlich (1982) found
for the inhibition of transport by DNDS and for DNDS binding virtually
identical affinity constants of 80—90 nmol liter'!. When, however, the
measurements were done at equal chloride concentrations on both sur-

faces, KI; can be expected to differ from the true mass law constant for
stilbene disulfonate binding, K345 . From Eq. 15b it follows fora' =4'' =a
K 1+ Koy +gkK
KI,a' =31, “"1 *(a+K,,) where K :__lu}.l. (21)
pp 1/2 1/2
K4 q I+gq

Fréhlich observed in fact that KI; was a linear function of the chloride
concentration a in cells and medium, as predicted by Eq. 21. Fora =0, he
obtained K/ = 590 nmol liter ', or about 6.5 times the true K, (= K5,)
of 90 nmol Iilter Assuming Kll = Ko, this corresponds to K” =
K31 « (1+q)/q, where q = ky, /k,; = 0.18. From the slope of the strall)ght-
line relationship between Kigpp and a, he was able to calculate the affinity
of chloride binding to the transfer site K;; = K10, = 39 + 4 mmol liter!
q and K, are within the range calculated from the experiments of Gunn
and Frohlich (1979) and Hautmann and Schnell (1985), who found ¢ =
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0.05, K;; = 60 mmol liter ' and ¢ = 0.3-0.4, K;;, =15 mmol liter™*,
respectively (see p. 104/105).°

The value of Klgpp (@ = a" = a) of 590 nmol liter’ " is similar to an
earlier estimate of 870 nmol liter ' by Barzilay and Cabantchik (1979a),
who were the first to study the effects of DNDS on anion equilibrium
exchange (see also the more recent work of Eidelman and Cabantchik
1983b).

The results discussed in this section indicate that the site for the bind-
ing of stilbene disulfonates can be recruited in parallel to the transfer site
and that the conformer with outward-facing transfer site has a much
higher affinity for the stilbene disulfonate than the conformer with
inward-facing transfer site.

4.1.3 Stilbene Disulfonate Binding Site Only Partially Overlaps
with the Substrate Binding Site

Although it is clear from the observations described above that the stil-
bene disulfonate binding site and the substrate site overlap, there is also
evidence that stilbene disulfonate binding extends into regions of the
band 3 protein that are not directly related to substrate binding. This
follows from a comparison of the effects of papain on anion transport
and DNDS binding {(Jennings and Adams 1981): Papain treatment reduces
chloride equilibrium exchange as measured at equal chloride concentra-
tions inside and outside the red cells. Even after exhaustive treatment, the
maximal degree of inhibition does not exceed 85%—90%. The residual
flux is DIDS sensitive and hence mediated by band 3 protein. Jennings
and Adams (1981) have analyzed these observations in terms of the Ping-
Pong model of anion transport with the aim of identifying those para-
meters whose changes are essentially responsible for the effects. They first
showed that the reduction of the flux at [C1']; = [Cl'], is the net result
of a decrease of both Vi, = ki, * RS/(1+q) and K, = (Kyo1 +qK11)/
(1+q) (see p. 104). They then performed influx measurements under condi-
tions where the transfer site is recruited outward. For this purpose, they
placed the red cells in media in which most of the CI™ was substituted by
a nonpenetrating anion species. They maintained the intracellular C1”
concentration at a level high enough to ensure that the influx is close to

Vmax- In contrast to the situation with equal CI” concentrations on both

9 As has been stated above, in Ping-Pong systems noncompetitive iphibi't,ion may be
affected by variations of substrate concentration, except whena =« and Ky; =
Kig1 (see p. 109ff). In view of the independent evidence for the equality of the
affinity constants Ky, and K4y provided by Knauf et al. (1981) and Knauf and
Mann (1982), one may infer from the confirmation of Eq. 21 by Frohlich (1983)
(Fig. 8) that DNDS and the substrate actually compete for the same site
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sides of the membrane, under this condition VmaX is equal to ky, - RS
(see p. 106ff.). The authors now observed that the C1” equilibrium exchange
in the papain-treated red cells was no longer inhibited as compared with a
control that had been fluxed under the same conditions. If anything, the
rate of uptake of radiochloride was somewhat enhanced. This indicates
that anion binding to the transfer site is still feasible after papain treat-
ment and that the inhibition observed at equal Cl™ concentrations in cells
and medium is essentially due to an increase of g.

The unaltered survival of the substrate binding site after exposure to
papain was further confirmed by measurements of the true affinity of the
transfer site to the substrate SO%~. The chloride-containing red cells were
suspended in media containing a range of different SO~ concentrations
and the rates of net CI7/SO%~ exchange were determined. Using Eq. 13b
the affinity constant (K;;) could be calculated and was found to be
unaltered by the papain treatment.

The results obtained with substrates contrast with those obtained with
stilbene disulfonates. After papain treatment, the residual C17/Cl”~ exchange
can still be inhibited by stilbene disulfonates, but the concentrations
required are much higher than in untreated cells. A quantitative estimate
of DNDS binding showed a decrease of the true affinity (as determined
from measuring the inhibition of net CI7/SOj;~ exchange) by 1/12 after
enzymatic treatment. Thus, the effects on substrate and stilbene binding
are quite distinct although it is clear that both bind to overlapping sites.

It may be recalled that papain releases a 6-kDa piece of which about
1 kDa or less comes from the 17-kDa segment and about 5 kDa from the
35-kDa segment of the band 3 peptide. Evidently, this piece is important
for stilbene disulfonate binding but not for substrate binding although it
plays a role in the transition of the substrate-occupied transfer site from
inward- to outward-oriented conformation.

4.1.4 Structural Features of the Stilbene Disulfonate Binding Site

A first glimpse at the structure of the H, DIDS-binding site came from the
study of the relationship between molecular structure of reversibly bind-
ing stilbene disulfonate derivatives and their inhibitory power. It was
shown by Barzilay et al. (1979) that various substitutions at the two
amino groups of the stilbene molecule altered the Kiapp between 2 and
50 000 umol liter ' . These enormous variations could be attributed to the
changes of electronic structure and hydrophobicity conveyed to the
inhibitor molecule by the various substituents. Thus there existed a posi-
tive correlation with the Hammett constant o, a measure of the capacity
to exchange electrons (r = 0.71), and the Hansch constant 7, a measure of
hydrophobicity (r = 0.94). The two effects could be represented by a
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linear superimposition, giving rise to the relationship —log Klapp = -0.73
+101¢+1.457 (r=0.998).

The fluorescence enhancement of bound DBDS which competes with
DNDS for the same binding site also indicates combination with the pro-
tein in a hydrophobic region, and the study of resonance energy transfer
suggests a neighborhood of one or more tryptophane residues (Rao et al.
1979).

The hydrophobic stilbene disulfonate binding region seems to repre-
sent a cleft in the protein which extends some distance into the membrane.
This is inferred from several different observations: (1) A spin-labeled
derivative is immobilized after binding (Schnell et al. 1983). (2) Energy
transfer measurements between the bound DBDS and fluorescent N-
ethylmaleimide (NEM) derivatives covalently attached to a SH group on
the 42-kDa segment of the band 3 protein yield a distance of only 34—
42 A, i.e., less than expected for the length of a segment of the peptide
chain of a protein molecule that traverses the lipid bilayer (Rao et al.
1979}. (3) Finally, H, DIDS binding introduces negative charges into the
cell surface but does not increase the net surface charge density of the red
blood cell membrane as measured by cell electrophoresis (Fuhrmann
and Passow, unpublished work). Even after removal of neuraminic acid
by either neuraminidase or trypsin and the concomitant reduction of sur-
face charge by 80% or more, and even in media of low ionic strength
(about 1% of the normal value), when contributions to the surface charge
of layers below the plane of shear should become easily apparent, none of
the changes of zeta potential can be seen that one could expect to occur
as a consequence of the introduction into the cell surface of two sul-
fonate groups per band 3 molecule.

The incorporation of the bulky stilbene disulfonates into the hydro-
phobic cleft near the outer cell surface leads to profound changes of the
structure of the band 3 molecule as a whole. The changes can be moni-
tored at the exofacial carbohydrate moiety, at the intrafacial 42-kDa
domain, and in the surrounding lipids. Thus, H, DIDS binding substan-
tially reduces the adenosine-enhanced concanavalin A agglutination of
the red cells (Singer and Morrison 1980), increases hemoglobin binding to
the 42-kDa domain (Salhany et al. 1980), and modifies the calorimetric
behavior of the lipid bilayer (Appell and Low 1982). These observations
suggest that the H, DIDS binding is associated with an induced fit which
causes a major reorganization of the glycoprotein and its environment.

This conclusion is supported by Fréhlich’s (1982) measurements of
the temperature dependence of the mass law constant K for DNDS
binding to the outward-recruited binding site. From the well-known
thermodynamic relationship
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RTInKy =AH—AS/T

he calculated AH = —0.5 kcal ml™' and AS = +30 cal mol™. The data
agree reasonably well with estimates by Verkman et al. (1981) for DBDS
(AH = +1.4 kcal mol™, AS = +26 cal). The surprisingly large enthropy
change associated with DNDS binding is possibly related to a change of
hydration of DNDS or the anion-binding site, but it is quite likely that
the large conformational changes of the transport protein described above
are an important contributing factor (Frohlich 1982).
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4.1.5 Interrelationship Between the Binding of Stilbene Disulfonate
and Other Inhibitors of Anion Transport

There exist a number of inhibitors whose binding to the band 3 protein is
mutually exclusive with the binding of the stilbene disulfonates (Fig. 15).
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chymotrypsin

papain--

Fig. 16. Topological relationships between the binding sites of five different classes of
inhibitors of anion transport at the stilbene disulfonate binding site: a hypothetical
picture. Dashed lines indicate that information about overlap is missing. a, b, lysine
residues in 17-kDa and 35-kDa segments, respectively. Distance from lys a to lys b is
about 20 A. 7y, 7y, 73, presumably arginine residues. 7, and r, are possibly constitu-
ents of transfer and modifier site, respectively. The dark area between a and b repre-
sents an H; DIDS molecule. Cleavage by papain of the peptide chain at two locations
that are about 5 kDa apart from one another reduces drastically the affinity for bind-
ing of DNDS (which would reside at the same location as H, DIDS) and NAP-taurine
but not the affinity for substrate binding. The papain-digestible area contains one or
two carboxyl groups that modify anion transport. The picture is based on work from
many laboratories, cited in the text

It is quite likely, therefore, that their site of action is located in the same
hydrophobic region that accommodates the stilbene disulfonates. Their
effects on anion transport as well as their mutual interactions have been
studied in some detail. This provides some information on the structural
organization of the stilbene disulfonate binding site and allows some
provisional mapping of the locations of the sites of action of the various
inhibitors relative to each other (Fig. 16). However, allosteric rather than
steric interactions cannot be excluded entirely. In the case of allosteric
interactions, the discussion presented below would provide a map of
functional rather than topological relationships.

The published data about the noncovalent chemical reactions at the
stilbene disulfonate binding site will be presented within the context in



Molecular Aspects of Band 3 Protein-Mediated Anion Transport 139

which the respective authors collected them. However, they will be dis-
cussed in relation to a hypothetical model of the structure of the stilbene
disulfonate binding site (Passow et al. 1980a,b). This serves to pull together
a considerable number of otherwise seemingly unrelated observations but
does not imply that this model is believed to represent the final truth. The
model assumes a cluster of four to five positively charged groups, two
lysine, and two to three arginine residues that reside near the outer sur-
face in a hydrophobic pocket of the band 3 molecule of a diameter of
about 20 A, the size of an H, DIDS molecule. The data will be analyzed
in an attempt to determine the locations of the individual residues and
their specific functions in the transport process (see Fig. 16).

Phenylmonosulfonates are roughly equivalent to one-half of a stilbene
disulfonate molecule. They are accepted as substrates by the transport
system and thus are capable of combining with the substrate-binding site.
This agrees with the finding that they inhibit inorganic anion transport
competitively (Barzilay and Cabantchik 1979b). The apparent Ki’s are,
however, much higher than those of most stilbene disulfonates, suggesting
that they are less firmly bound due to the absence of the additional
negative charge. However, the lower charge alone cannot account for the
lower KIapp' This follows from the observation that phenyldisulfonates do
not bind much stronger than the phenylmonosulfonates. Apparently, the
spacing of the two sulfonate groups in the stilbene molecule is important
for conveying the extraordinarily high affinity to the substrate-binding
site. The electrostatic binding of the phenylmonosulfonates is modulated
by the same factors that play a role in stilbene disulfonate binding, i.e.,
hydrophobicity and the capacity to exchange electrons with the environ-
ment. Analogously to stilbene disulfonates, the inhibitory potency of a
wide range of derivatives of phenylsulfonates was found to be related to
the superimposed effects of hydrophobicity and electronic structure and
could be represented by the expression —log KIapp =397+ 1.04 ¢ +
0.15 7, where ¢ and 7 designate, respectively, the Hammett and the Hansch
constant. One recognizes that the influence of the electronic structure is
about the same as with the stilbenes, while the influence of the hydro-
phobicity is much smaller (Barzilay et al. 1979; cf. p. 135f.).

The covalently binding isothiocyano phenyl sulfonate (pIPS) and the
diisothiocyano stilbene disulfonate H, DIDS have about the same electronic
structure and lipophilicity as their respective noncovalently binding
analogues in which the isothiocyanate groups are replaced by nitro groups.
Thus the covalently binding isothiocyanates should react in the close
vicinity of the noncovalently binding derivatives. H,DIDS and pIPS
establish covalent bonds preferentially with the iysine residue a on the
17-kDa fragment of band 3. It may be appropriate, therefore, to assume
that the phenylsulfonates occupy that part of the H, DIDS-binding site
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that is close to a positive charge near lys a (r; in Fig. 16). Perhaps, this
charged group could be involved in substrate binding. Since the phenyl-
sulfonates are competitive inhibitors that are themselves transported, the
charged group could be identical with the arginine residue that is titrated
at pH 12 (Wieth and Bjerrum 1982) and located in the 35-kDa region of
the band 3 protein (Bjerrum 1983; Wieth et al. 1982¢) (see p. 158ff.).

Niflumic acid (Cousin and Motais 1979) and a related compound,
flufenamate (an anthranilic acid derivative) (Cousin and Motais 1982a,b),
produce strong noncompetitive inhibition and hence do not seem to inter-
fere directly with the substrate-binding site. Nevertheless, their binding is
mutually exclusive with that of the stilbene disulfonates, indicating an
allosteric relationship or an overlap of the respective binding sites. It has
been shown that the carboxyl group of the inhibitors needs to be ionized
in order to permit the binding. Again, both hydrophobicity and the capac-
ity to accept electrons are the essential modulating factors for the relative
inhibitory power of a wide range of derivatives (Cousin and Motais 1982b).

It is interesting to note that furosemide is also an anthranilate derivative
that inhibits anion transport. The type of inhibition is mixed and a detailed
analysis by Brazy and Gunn (1976) has led to the result that the nega-
tively charged form of the drug reacts with two different sites. One of
them seems to be an outward-facing site at which the substrate causes
self-inhibition and which is not identical to Dalmark’s modifier site. At
the second site, furosemide noncompetitively blocks chloride transport
and alters the apparent affinity for the transport site. Cousin and Motais
(1982b) have demonstrated that this compound fits into the series of
other anthranilate derivatives. Its inhibitory potency depends on the
negative charge and can be predicted quantitatively when the hydro-
phobicity and the capacity for the formation of the charge transfer com-
plexes are taken into account.

Since the anthranilate derivatives need to combine with a positive
charge, but are noncompetitive inhibitors, it is most likely that they do
not combine with the arginine residue involved in substrate binding (r,).
They also do not compete with inorganic anions for the self-inhibitory
modifier site. Hence, the arginyl residue (#, ) that can be titrated at pH 11
and that forms an essential part of the modifier site (Wieth and Bjerrum
1982) also does not participate in niflumic acid binding. Perhaps it is
appropriate to assign to niflumic acid and the anthranilate derivatives a
place that overlaps with the site near lys b where the benzene rings of stil-
bene disulfonates or phenylsulfonates reside and to assume that the
positive charge required to neutralize the negative charge of the non-
competitive inhibitors is located near to lys b (r,, Fig. 16).

Phloretin’s binding to band 3 is mutually exclusive with that of stilbene
disulfonates (Formann et al. 1981 ; Fréhlich and Gunn 1982). Its inhibitory
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power, like that of a whole group of other acetophenone derivatives, does
not significantly depend on its electronic structure, but primarily on lipo-
philicity and dipole moment (Motais and Cousin 1978). Thus it seems
clear that its binding site is different from that of the phenylsulfonates
and anthranilic acid derivatives, although a partial overlap cannot be
excluded.

NAP-taurine binding is also mutually exclusive with the binding of
stilbene disulfonates [reviewed by Knauf (1979) and Macara and Cantley
(1981b)]. It combines covalently with the 17-kDa fragment, its site of
noncovalent binding should be closer to Lys a than to Lys 4 and the point
of covalent attachment after illumination could be, perhaps, Lys a or an
amino acid residue in its vicinity. The reaction with the modifier site
excludes binding to the arginine residue near Lys a that participates in
phenylsulfonate binding and which is presumably part of the transfer site
(r1). Perhaps the binding site for NAP-taurine includes an additional
arginine residue, which may be identical to the residue r, that has been
titrated at pH 11 by Wieth and Bjerrum (1982) and which seems to be
involved in the binding of the second sulfonic acid residue of DNDS
(Wieth and Bjerrum 1983).

The binding of both NAP-taurine and niflumic acid is facilitated when a
large outward-directed Cl~ gradient across the membrane is established
(Knauf et al. 1980, 1984). Thus similar to stilbene disulfonate binding,
the binding sites of these two inhibitors become more accessible when the
transfer site is recruited into the outward-facing form (Table 3).

Finally, and again similar to stilbene disulfonate binding, treatment
with papain reduces the affinity for niflumic acid binding to negligibly
small values (Cousin and Motais 1982a).

In contrast to NAP-taurine, niflumic acid binding is strictly noncom-
petitive. This supports the contention (see Fig. 16) that the negative
charge of niflumic acid that is required for binding is neutralized by a
positive charge in the membrane that is not identical with the arginyl
residue r, , which seems to be involved in NAP-taurine binding. Thus, the
characteristics of niflumic acid binding and effect suggest the existence of
a third arginine residue (7 ) in the stilbene disulfonate binding region of
the band 3 protein in addition to two other positively charged groups,
one of which is part of the transfer site (#,) and the other of which is
part of a substrate-binding modifier site (r, ).

It is most likely that the three positively charged groups whose exis-
tence has been inferred from the work reviewed above are located in the
same area as the lysine residues a and b that are involved in the covalent
bond formation with the two isothiocyanate groups of H, DIDS. However,
these residues play no major role in noncovalent binding since, over the
pH range 7-9, stilbene disulfonate binding is pH independent although
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the degree of protonation of Lys a and b can be expected to change (see
below). Noncovalent stilbene disulfonate binding is reduced only when
the arginine residues at the transfer and the modifier site become depro-
tonated, i.e., above pH 9 (vide infra) (Wieth and Bjerrum 1983).

4.1.6 Organization of the Stilbene Disulfonate Binding Site as Inferred
from Study of Noncovalently Binding Inhibitors. A Hypothesis

Although the information about the mutual interrelationships among the
binding sites of the various classes of inhibitors is still fragmentary, a
schematic figure has been drawn which tentatively tries to summarize
the results of the studies discussed above (Fig. 16).

Figure 16 shows that many data derived from such different sources as
structure-activity relationships, inhibition kinetics, determinations of
reversible binding, affinity labeling, and acid base titrations can be accom-
modated within a reasonably simple picture: a hydrophobic surface in a
pocket at the outer surface of the transport protein with a diameter of
about 20 A (i.e., the length of a stilbene disulfonate molecule like DNDS
or H,DIDS), containing three positively charged groups in addition to
two lysine residues involved in the intramolecular cross-linking. The
positive charge within the cluster would not only produce a high local sur-
face potential that attracts the substrate to the mouth of the channel. In
addition, each of the charged groups would play some specific role,
depending on its location and the hydrophobicity and electronic structure
of the other amino acid residues in its vicinity. The positively charged
residues 7, and r, could be responsible for substrate binding to the trans-
fer site and outward-facing modifier site, respectively, while the residue 73
could be involved in the binding of anionic inhibitors that produce a non-
competitive inhibition. If the assignment of these roles were correct, one
could further stipulate, on the basis of the titrations of Wieth and his
associates, that at least 7, and r, are arginine residues.

4 2 Kinetics of Stilbene Disulfonate Binding

4.2.1 Noncovalent Binding

Noncovalent binding was studied by means of the nonpenetrating, non-
covalently binding probe 4,4'-dibenzoamide stilbene-2,2'-disulfonate
(DBDS, see Fig. 14) whose fluorescence is enhanced by binding to hydro-
phobic surfaces (Dix et al. 1979). Both stopped flow and temperature
jump techniques were applied to follow the time course of the reaction
between the inhibitor and the band 3 protein. There was a rapid binding
with low affinity and a subsequent slow process (with a rate constant of
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about 4 s™') which was attributed to a conformational change that locks
the DBDS molecule in place (Verkman et al. 1983). The diphasic process
was measured at a range of DBDS concentrations and hence varying
degrees of occupancy of the stilbene disulfonate binding site. The results
were interpreted on the assumption that the reaction with the protein is a
two-step process: After rapid reaction of one DBDS molecule a slower
conformational change takes place which then permits the reaction of a
second DBDS molecule. Since each band 3 protein monomer only com-
bines with one DBDS molecule, this involves the hypothesis that interac-
tions take place between different monomers of the band 3 dimers or
tetramers (Verkman et al. 1983). Currently existing evidence suggests that
the monomers are independently operating units, which would argue
against this hypothesis (see p. 169); but a final judgment would need
further experimental data.

Perhaps, the kinetics described can be related to the existence of two different,
interconvertible conformations of the H, DIDS-binding site with different affinities
for the inhibitor (see p. 167). The temperature jump would disturb the originally
existing equilibrium between each of these conformers and the DBDS in the medium.
This should induce a redistribution process which would involve besides rapid changes
of DBDS binding a slow interconversion of the two conformeric states and thus give
rise to a diphasic process. There exists a whole series of abstracts on the kinetics of
stilbene disulfonate binding from Solomon’s laboratory which should be consulted
for more recent information (Forman et al. 1981, 1982: Dix et al. 1981; Dix and
Verkman 1982; Verkman et al. 1981, 1982).

4.2.2 Covalent Binding

Covalent binding of the noncovalently bound H, DIDS molecule takes
place at two lysine residues called Lys a and Lys » which reside, respec-
tively, in the 60-kDa and the 35-kDa chymotryptic fragments described
above. It can be followed with *H, DIDS after cleavage of the band 3
protein with external chymotrypsin, which, as may be recalled, does not
affect the transport function.

After reversible binding the H, DIDS molecule (denoted s) resides
somewhere between Lys a and Lys b, a situation which may be denoted
by asbh. The molecule has the option to react covalently either first with
Lys a or with Lys b, which may be designated as ash ~ a-sb and asb -
a s-b, respectively (the hyphens indicate covalent bonds). Those H, DIDS
molecules that first reacted with Lys a will further react with Lys b
(a-sb - a-s-b) and those that reacted first with Lys b will further react
with Lys a (a s-b - a-s-b). The cross-linked form g-s-b would increase at
the expense of a-sb and as-b. These latter two forms will pass through
maxima, while the cross-linked form will increase monotonically, until all
fragments exist in the form g-s-b (Fig. 17). The predictions of this “basic
model” can be formulated mathematically and verified experimentally
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(Passow et al. 1982). H, DIDS binding to the 35-kDa and 60-kDa fragments
passes in fact through maxima and the formation of the cross-linked
95-kDa product continues monotonically (Fig. 18).

When one tries, however, to fit the data to the equation that describes
the expected behavior quantitatively, deviations become apparent (Fig.
18a).

Among a number of extensions of the basic model that could account
for these deviations two were found that can be fitted reasonably well to
the data (Fig. 17) (Kampmann et al. 1982). The first postulates that in
addition to the two reaction pathways (1) asb - a-sb > a-s-b and (2) asb ~
as-b — a-s-b there exists a third pathway where a simultaneous reaction
between Lys a, Lys b, and the reversibly bound s takes place: (3) asb —~
a-s-b. For statistical reasons a simultaneous reaction of s with two inde-
pendently oscillating amino groups a4 and b is unlikely. This extension
involves, therefore, the tacit assumption that there exists a specific con-
figuration of the H, DIDS binding site (a'sb’) where a nearly simultaneous
reaction with @ and b becomes feasible: asb = a'sb’ — a-s-b. The other
extension of the model stipulates that the lysine residue & may exist in
two states: one in which it is reactive (¢) and another in which it is non-
reactive (¢*) and that a slow transition between the two states affects the
rate of the reaction:

asb —> as-b = a=s-b
u i)

a*sb - a*s-b
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Fig. 18a,b. Time course of cross-linking with H, DIDS of the chymotryptic 60-kDa
and 35-kDa fragments of band 3. a Nonlinear least squares fit of the basic model
(see Fig. 17) to the data points. b Fit of the extension I of the model assuming the
existence of the nonreactive form a*s-b. Chymotrypsinized red cells in 20 mmol
liter * ethylenediaminetetraacetate (EDTA), 130 mmol liter ' Nacl, pH 8.0, tem-
perature 37°C, H,DIDS concentration 20 umot liter !. The uppermost curve (X) in
both a and b represents the sum of all forms. Ordinate, fraction of total H, DIDS
bound per cell that is associated with the fragments indicated in the figure. Abscissa,
time in minutes

It should be noted that although formally somewhat different from the
preceding extension it also involves the assumption that the H, DIDS bind-
ing site may exist in two different conformeric states: asb and a*sb.

Evaluation of the data in terms of both extensions yielded good fits,
with nearly identical sums for the least squares of the errors. Nevertheless,
we prefer the latter extension since it is supported by independent obser-
vations about the capacity of Lys a to exist in an exposed and buried state
(Fig. 18b).

Within the scheme of the cross-linking reaction, it is experimentally
feasible to isolate the partial reaction: g-sb - a-s-b. This is due to the fact
that at low pH H, DIDS reacts much faster with Lys a than with Lys b.
Therefore, after exposure of the red cells to H, DIDS at low pH for a
short time, most of the inhibitor is covalently bound in the form a-sb.
After removal of the H, DIDS in the medium and of the reversibly bound
H, DIDS by washing with bovine serum albumin, most of the H, DIDS
that remains attached to the membrane exists in the form a-sb. The transi-
tion of this form into a-s-b can now be followed at any desired pH with-
out the superimposition of the other reactions described above.
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Fig. 19. pH dependence of the covalent reaction of Lys & with one of the isothiocy-
anate groups of H, DIDS. Ordinate, first-order rate constants of the transition gs b -
a-s-b. Abscissa, pH (37°C). Insert, semilog plot of the time course of disappearance of
a-s b as a consequence of the formation of a-s-b

The isolated reaction g-sb - a-s-b is of the first order (Fig. 19). The
observed rate constants agree quite well with the corresponding rate con-
stants derived from the computer evaluation of the complex time course
of the whole reaction sequence of which the reaction a-sb - a-s-b forms
one of the steps involved. The agreement was not only satisfactory when
the rate constants were calculated by means of one or other of the two
extended versions of the model, but even when the simple basic model
was used that does not suffice to give a good fit for the full time course
of the crosslinking reaction. This confirms that the reaction sequence
asb - a-sb - g-s-b (which is common to the basic model and its extensions)
is correctly described, while the description of the other branch of the
reaction sequence {(asb - as-b — a-s-b) represents an oversimplification.
What follows below is exclusively confined to the isolated reaction a-s b —
a-s-b and deals with the pH dependence of its first-order rate constant.

The isothiocyanate groups of H, DIDS can react only with the depro-
tonated form of the amino group of a lysine residue -NH, + SCN-R —
NH-CS-NH-R, but not with the protonated form NH;. The reaction rate
should, therefore, vary parallel to changes of the dissociation equilibrium
NH; = NH,+H". Thus, the pH dependence of the rate constants of the
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Fig. 20. The H, DIDS binding site, as inferred from measurements of the time course
of covalent H,DIDS binding to Lysa and Lys b. (Passow et al. 1980a,b)

reaction a-sb —~ a-s-b should be governed by the pK value of the dissocia-
tion equilibrium for Lys 5.

The rate constants measured at the various pH values can be fitted by
a nonlinear least squares method to an S-shaped curve that pertains to a
single pK value of 10.0 (Fig. 19). This is close to the expected value for
the ¢ amino group of a lysine residue at high dielectric constant in an
electrically neutral environment (pK 10.5, Tanford 1962). Unfortunately,
the pK value of Lys a cannot be determined with the technique described.
Only a rough estimate is possible, which suggests a pK value between 7
and 8 (Kampmann et al. 1982).

It is useful to discuss the implications of these results with respect to
the structure of the H, DIDS binding site using Fig. 20. This figure shows
an H, DIDS molecule that has established thiourea bonds between Lys a
and Lys b, thereby bridging a distance of about 20 A.

We shall first consider the finding that the pK of Lys b was close to
10.0. Although this value agrees with the pK value of a lysine residue in an
electrically neutral environment, we are not entitled to believe that the
dissociating amino group is indeed located in such an environment. The
reason is the following: The H, DIDS molecule possesses two SO; groups
that are introduced into the immediate vicinity of Lys b. They should
increase the pK value of Lys b far above the observed value of 10. Since
this is not the case, we may suspect that the two negative charges of
H, DIDS are compensated for by at least two positive charges near Lys b.
Recent work in our laboratory (Zaki 1981, 1982, 1983, 1984; Zaki and
Julien 1983, 1985) and in Copenhagen (Wieth et al. 1982a,c; Bjerrum
et al. 1983; Wieth and Bjerrum 1982) suggests that arginine residues are
involved in anion binding and transport by band 3 protein. The charged
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groups that we postulate to exist near Lys a and Lys » may be identical
with these arginine residues (see below). Thus, within a distance similar
to the size of an H, DIDS molecule there seems to be located a cluster of
at least four, perhaps even five, charged groups, two lysine residues, and
two or three additional residues that are possibly arginine residues (Passow
et al. 1980a,b). At least the lysine residues reside on different segments of
the peptide chain, but in close juxtaposition (Jennings and Passow 1979).
It is reassuring that the inferences drawn from the studies of reversible
stilbene disulfonate binding discussed in a preceding section can be accom-
modated within this general picture (see Figs. 16 and 20).

4.3 Chemical Modification of Specific Amino Acid Residues

4.3.1 Lysine Residues

Information about the functional significance of one or both of the two
lysine residues that are involved in the thiourea bond formation with the
two isothiocyanate groups of H, DIDS can be derived from work involving
amino groups modifying procedures: reductive methylation (Jennings
1982a; Jennings and Nicknish 1984), dinitrophenylation (Passow et al.
1980a,b; Rudloff et al. 1983) and, possibly, treatment with pyridoxal-
S-phosphate (Nanri et al. 1983).

4.3.1.1 Reductive Methylation

Repeated treatments with formaldehyde and NaBH, lead to a modifica-
tion of both Lys a and Lys b, although the reaction with the latter is more
complete than with the former. Reversible binding of H, DIDS still takes
place, but the covalent reaction with Lys a is partially, and with Lys b
completely, prevented. Chloride equilibrium exchange is inhibited by
70%—80%. This could be attributed to the modification of Lys 5. When
the transport protein is recruited into the outward-facing conformation
by suspension of the Cl™-containing cells in a medium containing the more
slowly penetrating Br, the affinity of Br to this conformation can be
measured (Eq. 13). It was found to be unchanged in spite of the unaltered
inhibition of about 80%. This suggests (see p. 107f.) that the methylation
affects the rate of the conformational changes associated with anion trans-
location but not anion binding (Jennings 1982a).

4.3.1.2 Dinitrophenylation

Dinitrophenylation of the red cell membrane produces inhibition of anion
equilibrium exchange as measured with *¢Cl” or ®°SO3". The band 3
protein carries many amino acid residues that are susceptible to modifica-
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Fig. 21. Covalently binding chemical modifiers of anion transport

tion by 1-fluoro-2,4-dinitrobenzene (N, ph-F, see Fig. 21), including 27—
28 lysine residues. Nevertheless, about 80% inhibition is achieved when no
more than 2 dinitrophenyl residues are incorporated per band 3 molecule.
At 95% inhibition, the stoichiometrical ratio is about 6:1. Thus, some
amino acid residues are much more reactive than others (Rudloff et al.
1983).

When the red cells are treated with N, ph-F in the presence of a stilbene
disulfonate, then the binding of one N, ph residue per band 3 molecule is
prevented (Passow et al. 1975; Zaki et al. 1975). This indicates that one of
the N, ph-F binding amino acid residues is part of the stilbene disulfonate
binding site or allosterically linked to it. The N, ph-F binding site is located
in the 17-kDa segment of the band 3 protein and could be identified by
amino acid analysis as a lysine residue (Rudloff et al. 1983). It is presum-
ably identical to Lys &, to which the isothiocyanate derivatives of stilbene
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disulfonates (Ramjeesingh et al. 1981) and phenylsulfonates are known to

bind (Mawby and Findlay 1982).

Although this residue is involved in the covalent reaction with stilbene
isothiocyanates, it is not required for noncovalent H, DIDS binding: only

when several additional lysine residues are modified is the noncovalent
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D+ ac——acD+D

Dac———=DacD

Fig. 23. Reaction diagram to describe the dinitrophenylation of Lys @ and Lys ¢ on the
band 3 protein. After combination of N,ph-F (D) with Lys ¢, the rate of transport is
increased, and the rate of dinitrophenylation of Lys @ is reduced. Inhibition of trans-
port is also brought about when the dinitrophenylation of Lys ¢ takes place in a band
3 molecule in which Lys ¢ is already modified. (Passow et al. 1984b)

binding also abolished (Passow 1978; Passow et al. 1980a; Schnell et al.
1983). These observations are in accord with others that demonstrate the
absence of effects on reversible stilbene disulfonate binding after changing
the degree of protonation of Lys a by variation of pH (unpublished obser-
vations from our laboratory, and Wieth and Bjerrum 1983) or by reduc-
tive methylation (Jennings 1982a; Jennings and Nicknish 1984).

At N, ph-F concentrations in the medium that cause up to 80% inhibi-
tion, about equimolar quantities of N, ph residues become incorporated
into the 17-kDa and the 35kDa fragments of the band 3 protein. As in
the 17-kDa segment, all N, ph-F binding to the 35-kDa segment is to a
lysine residue, which will be called Lys ¢. This second lysine residue is not
identical to Lys b, the residue involved in intramolecular cross-linking by
H,DIDS. The rate of dinitrophenylation of Lys a but not of Lys ¢ is
reduced by the presence of stilbene disulfonates like DAS (Passow 1978)
or DNDS (Rudloff et al. 1983).

Both Lys @ and Lys ¢ are related to the transport function of the band
3 protein and allosterically linked to each other. Dinitrophenylation of
Lys a leads to an inhibition of transport, regardless of whether or not Lys
¢ is also dinitrophenylated. Dinitrophenylation of Lys ¢ reduces the rate
of reaction of Lys a with N,ph-F and slightly (1.4 times) enhances the
transport of both monovalent and divalent anions (see Fig. 23).

The conclusions described above are based in part on experiments of the type pre-
sented in Fig. 22. The residual sulfate flux and the residual fraction of Lys a residues
are plotted as measured after exposure of red cell ghosts to a range of N, ph-F concen-
trations for a fixed length of time. For a first-order reaction, one would expect to find
a simple exponential relationship between either one of these quantities and the
N2 ph-F concentration to which the ghosts had been exposed during the dinitropheny-
lation period. A single exponential, however, does not provide an adequate fit. Instead,
the sum of two exponentials is required, as expected for the modification of two inter-
acting sites (see the drawn lines in Figs. 22, 24).

When the dinitrophenylation is catried out in a chloride medium (Fig. 22a,b) the
influence of the second exponential becomes significant only at high degrees of dini-
trophenylation. This is due to the fact that Lys @ is more rapidly dinitrophenylated
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than Lys ¢. Thus, there is only a small proportion of band 3 molecules in which dini-
trophenylation of Lys ¢ precedes that of Lys a. Consequently, there is little enhance-
ment of transport and little retardation of the dinitrophenylation of Lys a.

If, however, the red cell ghosts are dinitrophenylated under otherwise identical con-
ditions in sulfate media (Fig. 22d,e), the rate of dinitrophenylation of Lys  is reduced
to about 1/20 the value in Cl” media (compare Fig. 22b, and 22e} while the rate of
dinitrophenylation of Lys ¢ remains unaltered. As a consequence, the rate of dinitro-
phenylation of Lys ¢ relative to Lys a is increased. Besides band 3 molecules in which
Lys ¢ residues are modified and hence transport is inhibited, there now occurs a con-
siderable number of molecules in which Lys ¢ is dinitrophenylated while Lys @ is not
yet affected. These latter molecules accomplish anion transport at a higher rate than
the molecules in which neither Lys @ nor Lys b had been altered. As a consequence,
a situation arises where the decrease of the flux associated with the increase of band 3
molecules in which Lys @ and Lysa plus Lys ¢ are modified is more than compensated
by the increase of the flux in those band 3 molecules in which only Lys ¢ had been
dinitrophenylated. The flux passes through a maximum (Fig. 22d; Fig. 24, lower
panel). At higher degrees of dinitrophenylation even in those band 3 molecules in
which Lys ¢ was dinitrophenylated prior to Lys @, Lys a will also become dinitrophe-
nylated, although at a reduced rate. This leads to inhibition of transport (Fig. 24,
lower panel, see the reaction diagram in Fig. 23).

The different effects of dinitrophenylation of Lys ¢ on anion transport and on the
rate of dinitrophenylation of Lys a result in a nonlinear relationship between flux and
number of unmodified Lys a residues (Fig. 22f). From the two exponentials that fit
the data (see the drawn curves in Fig. 22d,e), it is possible to derive the rate constants
for the modification of Lys & in molecules in which Lys ¢ had already been modified.
These constants can be obtained from the exponential that pertains to the time course
of modification of Lys a. They can be plotted against the rate constants for modifica-
tion of transport. This should yield a linear relationship, as was actually observed
(inset Fig. 22f).

The effects of SO2™ and CI~ show that the reactivity of Lys a depends on the nature
of the substrate that is present during exposure to N ph-F. Less- detaxled studies w1th
other substrates yielded the sequence: F~ = Cl">Br >1" ~ S0} (130 mmol liter™®,
pH 7.4, 37 °C). When no substrate is present, the rate of dmxtrophenylatxon is some-
what higher than in SO2” medium. Hence the addition of S0% causes a slight reduc-
tion of the rate of dinitrophenylation as compared with a substrate-free control, while
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the addition of Cl~ causes a considerable enhancement. This latter effect shows clearly
that Lys ¢ does not directly participate in complex formation with the substrate
(Passow et al. 1980a).

In addition to substrates, inhibitors of anion transport also influence
the reactivity of Lys a. Before discussing the effects observed, it should
be noted that after completion of the reaction with Lys a the structure
and function of a given band 3 molecule is irreversibly modified. However,
the irreversible reaction of N, ph-F with lysine residues is not preceded by
reversible binding, which could induce a structural change of the band 3
protein molecule. Hence, the rate at which the reaction takes place only
depends on the structure of the native protein as it existed prior to the
covalent reaction. The rate of dinitrophenylation represents, therefore, an
indicator of the conformational state of the transport protein and can be
used to monitor the effect of substrates and inhibitors on the otherwise
unperturbed transport protein.

When anion transport is blocked by inhibitors, the transport protein
may become arrested in a specific conformeric state. Using a variety of
different inhibitors it was explored in which configuration the arrest
occurred: with Lys a exposed or buried (Passow et al. 1980a). The inhibi-
tors could be classified into three different groups. One group of inhibi-
tors prevented the access to Lys a presumably by sterical hindrance in
the diffusive pathway and hence were not suited for conformation prob-
ing by measuring the rate of dinitrophenylation. These inhibitors included
the stilbene disulfonates and external APMB, which are known to bind at
or near Lys a. A second group of inhibitors, including phlorizin and posi-
tively charged furosemide derivatives, arrested the transport with Lys a
exposed. The third group produced inhibition with Lys a buried. This
group comprised infernal APMB and Ca?* which both exert the inhibitory
influence by binding at the inner membrane surface.

In these studies (Passow et al. 1980a; Passow and Fasold 1980), the band 3 con-
formation with Lys @ exposed was designated “cis,” with Lys a buried “trans.” These
expressions alluded to the possibility that the two states of Lys a are representative of
the outward- and inward-facing conformation of the band 3 protein as implied in the
Ping-Pong model. As has already been mentioned on p. 112f,, this could be expected
if the affinities of chloride to the inward- and outward-facing substrate binding site
were different (ie. K151 # Ky;). Different affinities were postulated because it
seemed unlikely that in an asymmetrical structure like the band 3 protein, equal
affinities could occur for the two orientations of the site. Allosteric effects of chloride
binding, which could also affect the reactivity of Lys ¢ were disregarded. It is clear,
however, that this represents an oversimplification since allosteric effects could modu-
late the effects of recruitment associated with different affinities of the substrate to

the two conformations of its binding site. Further work will be required to assess the-
role of allosteric effects.

In summary, the work on dinitrophenylation shows that Lys @ at the
stilbene disulfonate binding site may exist in two different states with
greatly different reactivites. The equilibrium between the two states is in-
fluenced by substrates and inhibitors. The residue is allosterically linked
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to Lys ¢, which resides in the 35-kDa segment and whose accessibility to
N, ph-F is independent of the presence or absence of stilbene disulfonates
and substrates.

4.3.1.3 Pyridoxal 5-Phosphate

Treatment with pyridoxal 5-phosphate (P5P) leads to an inhibition of
anion transport, including the transport of the inhibitor itself, which is a
substrate of the anion transport protein. Inhibition becomes irreversible
after reduction with NaBH, . Using tritiated NaBH, , it is possible to label
the site of PSP binding. Much of the binding to band 3 can be prevented
by treatment of the cell membrane with H, DIDS or DNDS. However, not
all of the binding can be prevented, indicating that some of it takes place
outside the H,DIDS binding site (Cabantchik et al. 1975). A recent
analysis (Nanri et al. 1983) revealed that DNDS only prevents binding fo
the 35-kDa chymotryptic fragment but not to the 60-kDa fragment. More-
over, it was possible to show that the binding to the former correlated
with the inhibition of anion transport while the binding to the latter is
ineffective. The site of action could be further narrowed down to the
papain sensitive portion of the 35-kDa fragment (Matsuyama et al. 1983)
and it is attractive to think that it is identical to Lys b.

4.3.1.4 Phenylisothiocyanate

Arylisothiocyanates have been widely used for the study of structure and
function of the band 3 protein. As has already been mentioned, the
hydrophilic sulfophenylisothiocyanate (IBS) reacts at the stilbene disul-
fonate binding site (Ho and Guidotti 1975; Zaki et al. 1975; Reithmeier
and Rao 1979), presumably with Lys a. Arylisothiocyanates are able to
react with nucleophilic groups of amino acids in the absence of water.
Hence hydrophobic arylisothiocyanates can be used for labeling of intra-
membraneous portions of integral membrane proteins (for review, see
Sigrist and Zahler 1982).

The hydrophobic phenylisothiocyanate inhibits anion transport (Sigrist
et al. 1980). It combines with lysine residues in the hydrophobic core of
the anion transport protein but not with Lys @. When three moles of
phenylisothiocyanate are bound per mole of band 3, anion transport is
completely inhibited. However, when Lys a is first blocked by sulfophe-
nylisothiocyanate, then the subsequent binding of phenylisothiocyanate
is reduced by one mole. The binding site that becomes inaccessible could
be identified as Lys 42 on a 10-kDa piece of the 35-kDa segment (called
Lys d in Table 4). This finding indicates an allosterical relationship between
Lys a and Lys d (Brock et al. 1983).
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4.3.2 Arginine Residues

Two reagents that inhibit anion equilibrium exchange are known to react
selectively with arginyl residues in proteins: 1,2-cyclohexanedione (Zaki
1981) and phenylglyoxal (PG) (Zaki 1982, 1983, 1984; Bjerrum et al.
1983: Wieth et al. 1982a,c). At pH 10.0, 38°C, the time course of inhibi-
tion by PGis of the first order; the apparent rate constant of the reac-
tion increases linearly with PG concentration and thus yields a concentra-
tion-independent second-order rate coefficient. Maximal inhibition is
about 90% (Wieth et al. 1982a), but after repetition of the exposure to
the reagent inhibition increases up to 98% (Bjerrum et al. 1983). The rela-
tionship between inhibition and binding is linear. At maximal inhibition
nearly two PG molecules are bound per band 3 molecule corresponding to
the modification of one arginyl residue per transport molecule. This residue
resides on the 35-kDa fragment (Bjerrum et al. 1983). Inhibition by phe-
nylglyoxalation is accompanied by the release of a chloride ion from the
stilbene disulfonate binding site, in accordance with the view that this site
encompasses the substrate binding site (Falke and Chan 1984).

The results described above were obtained in media of low substrate
concentration. Increasing the Cl” concentration or adding the stilbene
disulfonate DNDS reduces the rate of reaction and alters the stoichiometry
of the relationship between inhibition and binding. At 165 mmol liter™!
KCl or at 2 mmol liter’? DNDS in the medium, the relationship is still
linear, but inhibition becomes maximal only when four PG molecules are
bound per band 3 molecule rather than the two observed in the absence of
Cl-. The stoichiometry of 4:1 is also seen when both 165 mmol liter™
KCl and 2.0 mmol liter* DNDS are present, suggesting that the effects of
the substrate and the DNDS take place at sites that overlap or are allosteri-
cally linked. An involvement of the stilbene disulfonate site can also be in-
ferred from measurement of H, DIDS binding to maximally phenylgly-
oxalated red cells: The covalent binding takes place more slowly, and
much higher concentrations than in untreated red cells are required to
achieve complete occupancy of the 10 H, DIDS binding sites per cell.
Such behavior would be expected if the phenylglyoxylation reduced the
capacity for reversible H, DIDS binding, which precedes the covalent bond
formation. A reduction of reversible stilbene-disulfonate binding could
actually be demonstrated, using the fluorescent DBDS as a probe: After
treatment with PG, DBDS binding is reduced in proportion to the PG-
induced inhibition of anion equilibrium exchange (Fig. 25). Thus, the
modified arginine residue is indeed either directly or allosterically involved
in the noncovalent binding of stilbene disulfonates.

Wieth et al. (1982a) have investigated the effects of a number of revers-
ibly binding inhibitors of anion transport on the rate of inactivation by
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phenylglyoxalation of the anion transport protein. They observed that
among other inhibitors, and in contrast to DNDS, phloretin and niflumic
acid do not affect the rate of inactivation. This finding could be accom-
modated in the hypothetical picture of the stilbene disulfonate binding
site presented in Figs. 16 and 20. It would suggest that the positively
charged site r;, which supposedly combines with the negatively charged
phloretin or niflumate, cannot be responsible for the inhibition of trans-
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port by phenylglyoxalation. Instead, inhibition is likely to be due to
phenylglyoxalation of one of the other two positively charged groups
(r, or rp) that are allegedly involved in DNDS binding. These groups
seem to remain susceptible to PG even after inhibitor binding to the
positive charge r; near Lys b in the 35-kDa fragment of the band 3 pro-
tein.

The effects of C1™ on the rate of inhibition by phenylglyoxalation could
be easily explained if the modified arginine residue were part of the sub-
strate binding site. If so, one could expect that the efficiency of CI™
should be reduced by recruitment of the transport protein from outward-
facing to inward-facing. In the low-Cl™ media, a large outward-directed Cl1~
gradient exists, which recruits most of the transport protein molecules
into the outward-facing configuration. Reducing the gradient should favor
the inward-facing configuration. This can be monitored by measuring
reversible stilbene-disulfonate binding and has actually been observed in
untreated red blood cells. The rate and nature of the reaction of PG with
the band 3 protein does not change, however, when the chloride concen-
trations inside are made equal to the low chloride concentration outside.
The rate of reaction is independent of the Cl™ gradient across the mem-
brane and entirely determined by the external Cl~ concentration. Thus,
there is no evidence for a transport-related change of the accessibility of
the PG-susceptible arginine residue. *° This has led to an alternative expla-
nation of the Cl™ effect. If one stipulates that the PG-sensitive arginine
residue is located at the H, DIDS binding site, then one can expect it fo
be one of the constituents of a cluster of positively charged groups (see
Fig. 20). According to the fixed-charge hypothesis (see Passow 1969),
such a cluster would give rise to a focal positive surface potential with a
consequent accumulation of diffusable, negatively charged counter ions.
This would include not only C1~ but also OH ™ such that

Cls—urface/CI{)ulk =0Hs;1rface/OH|;ulk = exp (—FAyY /RT)

(the symbols have their usual meaning). Thus, the pH in the surface would
be different from that in the medium and would be determined by the
chloride distribution ratio. Increasing the Cl~ concentration in the bulk
phase at constant pH would decrease the pH in the vicinity of the PG-sen-

10 Even though the arginine residue titrated at about pH 12 (pp. 119, 123) cannot be
recruited, Wieth and Bjerrum (1982), 1983) designate this residue “transfer site”
(see above, p. 132, in connection with DNDS$ binding). Obviously, they employ
this term in a broader sense than used here and in most of the literature, meaning
that the site not only encompasses side chains involved in substrate binding but
also groups that direct the substrate to the binding site without being directly in-
volved in actual bond formation (approach sites)
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Fig. 26. pH dependence of the rate of irrever51ble mhlbmon of Cl equlhbnum exchange
by phenylglyoxalation. The apparent first-order rate coefficients for inactivation
(ordinate) were measured as functions of extracellular pH (abscissa) at three different
Cl™ concentrations in the medlum Triangles, circles, and squares refer, respectively,
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were fltted to the experimental values, with single pK values of 10.2, 10.7, and 11.8
and a common maximal rate of reaction of 31 liters mol™* s™!. (Wieth et al. 1982c)

sitive arginine residue. Since the reaction with PG only takes place with
the deprotonated form of arginine residues, this would reduce the rate of
reaction, as was actually observed (Wieth et al. 1982a).

The pH dependence of the rate of modification of the anion transport
system by phenylglyoxalation is compatible with a single apparent pK
value of 10.6 at 5 mmol liter* CI” in the medium. This value gradually
increases up to 11.7 when the Cl~ concentration is increased up to
160 mmol liter * (Figs. 26, 27a). Previous measurements of the pH depen-

15 /

e |/

. 110}

:
Fig. 27. a Apparent pK values derived from  ©105
measurements of the pH dependence of the . ; .
rate of phenylglyoxalation at varying Cl~ 50100150 200 mM Cf
concentrations in the medium. 25°C. (Wieth 120{ a
et al. 1982c). b Apparent pK values of a -
transport-related, titratable group of the 15t /
band 3 protein exposed to the outer cell « .
surface (presumably the arginine residue 7, e e
in Figs. 16 and 20, or Arg b in Table 4) asa & [ ./
function of the CI™ concentration in the g ,-/
medium; 0°C. This curve and the curve in a Sash
presumably refer to the same arginine residue.

(Wieth and Bjerrum 1982) 500 100 150 200mM Gl
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dence of Cl™ equilibrium exchange in untreated red cells can be described
by dissociation curves with single apparent pK values that rise from 11 at
15 mmol liter? CI” in the medium to nearly 12 at 160 mmol liter™’

(Fig. 27b). The similarity of the effects of C1~ on the pH dependence of
the modification reaction and of the transport process leaves little doubt

that the phenylglyoxalated group is identical with the group that controls
the pH dependence of anion flux at high pH. Here again, the authors
(Wieth and Bjerrum 1982) believe that the Cl™ effect does not repesent a
change of the reactivity due to recruitment, but an independent effect by
a change of surface potential and surface pH.

In this context it should be pointed out that, unlike the substrate Cl°,
the substrate SO~ does not reduce the rate of phenylglyoxalation at high
pH (Zaki 1982; Wieth et al. 1982a). Since the divalent SO ion would be
even more effectively accumulated near positively charged groups in the
surface than the monovalent Cl~ ions, one would expect that they should
exert a bigger effect on surface pH than Cl™. Contrary to this expectation,
in the pH range where the effect of C1I” had been studied, the rate of
phenylglyoxalation is independent of SO concentration (Zaki 1982;
Wieth et al. 1982a). Moreover, at low pH, where the probability of simul-
taneous binding of SOZ~ and H* is increased, SOZ” conveys protection
similar to Cl™ against phenylglyoxalate inactivation. Thus, protection
against phenylglyoxalation seems to be afforded only when the complex
of transport protein and divalent anion has been transformed by proton
binding into a conformational state in which the transition from outward-
facing to inward-facing becomes feasible (Zaki 1981).

Finally, it should be recalled that the lysine residue a which is involved
in the covalent binding of N, ph-F to the 17-kDa fragment of band 3
should be located within the same cluster of positive surface charges as the
arginine residue discussed here. In terms of the surface potential hypo-
thesis, increasing the Cl~ concentration should reduce the rate of dinitro-
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phenylation of this residue similar to the reduction of the rate of phenyl-
glyoxylation of the arginine residue. However, the reverse is observed
(Passow et al. 1980b). It would seem attractive to believe, therefore, that
Cl™ (or HSO; ) binding leads to reduction of the reactivity of the arginine
residue and an enhancement of the reactivity of Lys @, while the binding
of the substrate would reverse the respective reactivities (Fig. 28). Thus,
the two residues could possibly be coupled with one another and their
respective reactivities could be reflections of the occupancy of the transfer
site. Both reactivities should be modulated by the surface potentials, as
discussed by Wieth and his associates.

4.3.3 Carboxyl Groups

The titration data of Wieth and Bjerrum (1982) discussed in a preceding
section showed that decreasing the extracellular pH at constant intracel-
lular pH leads to an inactivation of Cl~ self-exchange with a pK of 5.2—5.4
(165 mmol liter ' extracellular C1°, 0°C). Between 0° and 10°C the
ionization enthalpy is close to zero, suggesting that the dissociable groups
represent carboxyl groups. This inference was supported by experiments
with carbodiimides (Craik and Reithmeier 1984), including a water-sol-
uble, nonpenetrating carbodiimide derivative (1-ethyl-3-(4-azonia-4.4-
dimethylpentyl)-carbodiimide) that carries a quaternary ammonium group
(Wieth et al. 1982b; Andersen et al. 1983 ; Bjerrum 1983). The latter reagent
produces irreversible inhibition with a biphasic time course. The rates of
inactivation during the initial rapid phase and the subsequent slow phase
differ by a factor of about 100 and the transition from fast to slow phase
takes place when the inhibition of Cl” equilibrium exchange reaches 50%.
The rapid phase is accelerated twofold, the slow phase more than 100-fold.
Upon addition of tyrosin ethyl ester, about one to two molecules of the
ester become incorporated per band 3 protein molecule (Bjerrum 1983).
They are located in the papain-digestible 5- to 10-kDa segment of the 55-
kDa peptide (see Figs. 1, 2) and are released into the supernatant when
the digestion with papain is carried out. The residual flux after papain
digestion of the carbodiimide/tyrosin ethyl ester-treated red cells is equal
to the residual flux in papain-treated red cells that had not been pre-
treated with the chemical agents. Since papain is known to leave the sub-
strate binding site unaltered (Jennings and Adams 1981, see p. 135) this
would suggest that the modification of the carboxyl group also leaves the
substrate binding site intact but changes the rate of translocation of the
bound substrate. Thus the carboxyl groups are most likely modifier sites

that are allosterically involved in the maintenance of the penetration path-
way in a functional state.
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The inhibition of anion transport by carbodiimide is associated with a
loss of the capacity of the band 3 protein to combine with stilbene disul-
fonates reversibly. Since carboxyl groups are unlikely to be involved
directly in the binding of the negatively charged stilbene disulfonates one
may stipulate that they participate allosterically in the preservation of the
normal configuration of the stilbene disuifonate binding site.

4 4 Chemical Modification of Unidentified Amino Acid Residues

4.4.1 NAP-Taurine

The sulfonate NAP-taurine (N-«(4-azido-2-nitrophenyl)-2-aminoethylsul-
fonate) is a photoactive anion that, upon illumination, forms a nitrene
which is capable of reacting covalently with aliphatic or aromatic amino
acid residues. It is accepted by the band 3 protein as a substrate which is
transported and competitively inhibits the transport of other anion species.
The competition kinetics are different at the inner and outer membrane
surface. At the inner surface, the apparent Ky for zero chloride concentra-
tion is about 730 umol liter !, which is close to the half saturation concen-
tration for NAP-taurine transport as measured under comparable condi-
tions. The apparent dissociation constant for Cl™ as calculated from NAP-
taurine competition is about 36 mmol liter”' and hence close to the value
for chloride binding to the inward-directed transfer site. Thus, the data
suggest that the NAP-taurine binding site at the inner membrane surface
is the transfer site. At the outer membrane surface, however, the apparent
K; value for zero Cl” concentration (20 umol liter ! ) is lower and the cal-
culated half saturation concentration for the competing CI" much higher
than at the inner membrane surface. The latter result is not compatible
with competition for the outward-directed transfer site. However, the
details of the inhibition kinetics indicate some NAP-taurine binding to an
additional site, which could be identical to the outward-directed transfer
site. Thus, the data suggest that NAP-taurine causes inhibition at the outer
membrane surface predominantly by binding to a substrate-binding modi-
fier site (Knauf et al. 1978a,b; Knauf 1979). This site is obviously distinct
from Dalmark’s modifier site, which is located at the inner membrane sur-
face. It is possibly identical to the outward-facing modifier site described
on p. 119, where deprotonation leads to an enhancement of anion equilib-
rium exchange.

NAP-taurine binding to the external modifier site is enhanced by a
recruitment of the band 3 protein into the conformation with outward-
oriented transfer site. Table 3 (p. 133) shows that the recruitment of the
transport protein by raising the internal Cl” concentration at constant
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external Cl” concentration increases the apparent affinity for NAP-taurine
binding. The percentage change is quite close to the change of apparent
affinity for reversible binding of H, DIDS, indicating that both sites are
equally affected by the recruitment (Knauf et al. 1980, 1984). This agrees
with the observation (p. 141) that the binding sites for NAP-taurine and
stilbene disulfonates overlap (Macara and Cantley 1981b).

The effect of recruitment on NAP-taurine binding to the inner mem-
brane surface has not yet been studied to the same detail. Nevertheless, a
striking transmembrane effect has been observed. When H, DIDS is first
covalently attached to the stilbene disulfonate binding site in the outer
cell surface, then NAP-taurine binding to the binding site at the inner
membrane surface is largely suppressed (Grinstein et al. 1979). This obser-
vation does not necessarily indicate the sequestration at the outer cell sur-
face of the same amino acid residue that is involved in NAP-taurine bind-
ing at the inner cell surface. It is quite possible that the effect is allosteric,
similar to that of H, DIDS binding to the outer cell surface on hemoglobin
binding to the inward-facing 42-kDa domain of band 3 (Salhany et al.
1980).

4.4.2 Eosine 5-Maleimide

Using eosine maleimide, Macara et al. (1983) specifically labeled the stil-
bene disulfonate binding site on the 17-kDa segment. This leads to an irre-
versible inhibition of anion transport (Nigg and Cherry 1979). The fluores-
cence of the bound eosine is quenched by CsCl, but only when the non-
penetrating cesium is present at the cytoplasmic side of the membrane.
According to the authors, this implies that after reaction of the inhibitor
with band 3 at the outer membrane surface, the chromophor of the inhibi-
tor becomes accessible to the aqueous environment on the cytoplasmic
side of the membrane. Since the eosine maleimide is covalently bound,
this would mean that the same amino acid residue that had been exposed
to the outside during maleimide binding turns toward the inner surface
after the reaction.!?

If the interpretation of these results is correct, they would have far-
reaching implications. They would rule out the operation of transport
mechanisms with more than one gate in series, such as the zipper mechanism
proposed by Wieth et al. (1982b) and Brock et al. (1983). These mecha-
nisms would be unlikely to permit the same amino acid residue to become

11 Attempts to demonstrate the alternation of an amino acid residue across the rate-
limiting barrier in the band 3 protein had first been made by Grinstein et al. (1979)
and Passow and Zaki (1978). Although transmembrane effects could be demon-
strated, it was not possible to rule out that they were due to allosterical interac-
tions rather than to movements of one and the same amino acid residue
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alternately exposed to both the outer and inner surface of the rate-limiting
structure in the transmembrane channel. “Lock in” mechanisms of the
type described by Passow et al. (1980b) and Knauf et al. (1980) would,
however, be compatible with the findings described (see p. 180, Fig. 29).

4.4.3 Dansylation

As has already been stated in a preceding section, the band 3 protein-
mediated exchange of monovalent and divalent anion species is inversely
affected by the dansylation of the red cell membrane. The former is slightly
inhibited, the latter enhanced. The enhancement is confined to the pH
range above the pH maximum seen in untreated red cells, i.e., above about
pH 6.3. The enhanced transport of the divalent anions can be inhibited
by stilbene disulfonates.

The enhancement actually observed depends on both CI™ concentration
and pH that existed during exposure to dansyl chloride. It can only be
brought about when ClI™ ions are present during dansylation. The chloride
concentrations required to achieve maximal enhancement as measured
under standard conditions are larger than necessary for substrate satura-
tion of the transfer site. At physiological C1” concentrations, there exists a
pH optimum around pH 6.6 (Legrum et al. 1980; Lepke and Passow
1982).

Dansylation at the optimum leaves the lysine residues at the stilbene
disulfonate binding site untouched. Nevertheless, both the 17-kDa and 35-
kDa segments of the band 3 protein become heavily labeled. For this
reason, it has not been possible to localize the site of action yet. Neverthe-
less, we are entitled to believe that the enhancement of transport is related
to the modification of at least three different amino acid residues. One of
them is accessible to dansyl chloride in the presence of CI~ alone. The two
others become available when, in addition to the chloride, the nonpene-
trating disulfonate APMB is present in the medium. Of the latter two
residues, only one can be modified when the penetfrating dansyl chloride
is replaced by a nonpenetrating derivative, 2{/N-piperidine)-ethylamine-1-
napthyl-5-sulfonyl-chloride, called PENS-CI (Raida and Passow 1985).

It should be recalled that the potentiating agent APMB is an inhibitor
of anion transport (Zaki et al. 1975). For this reason the flux measure-
ments that were needed to determine its effect on the modification by
dansylation of the anion transport system had to be performed after
removal of the agent from the medium at the end of the dansylation
period. In the same manner, the effects on dansylation of two other
agents were studied which, like APMB, produce inhibition of anion trans-
port by combination with the stilbene disulfonate binding site: DNDS and
DAS. DNDS was found to prevent the effect of dansylation virtually com-
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pletely. DAS exerted no visible effect as compared with a control that had
been dansylated in the absence of additional agents. Thus, three closely
related agents that combine with the same site on the band 3 protein
caused three entirely different allosteric effects on the dansyl chloride

binding sites (Lepke and Passow 1982).
Allosterical effects are usually reciprocal. To see whether this also applies

to the interactions between the binding sites for dansyl chloride and stilbene
disulfonates, red cells were first dansylated in the presence of a large excess
of APMB. After removal of the APMB, determinations were made of the
apparent Ky values for the inhibition by APMB, DAS, and DNDS of the
enhanced anion equilibrium exchange in the modified cells. K; of DNDS was
unaltered, while the K;’s of DAS and APMB were reduced to 1/3 and 1/40,
respectively, of the value in the unmodified control. This result shows that
dansylation of the three sets of susceptible sites leads to an allosterical
modification of the stilbene disulfonate binding site and an ensuing change
of the specificity of the inhibition by three different inhibitors. Thus, the
interactions between the binding sites for stilbene disulfonates and dansyl

chloride are mutual indeed (Legrum et al. 1980; Lepke and Passow 1982).
The qualitatively different effects of three structurally similar inhibitors that act by

combination with the same site are difficult to reconcile solely with differences of

induced fits. It seems instructive, therefore, to consider two alternative hypotheses.

The first hypothesis follows up the consequence of the previous suggestion that the
H, DIDS binding site may exist in two different conformeric states, B and B*. If the
affinities to a given inhibitor § differed, then B and B* would compete for S. The fol-
lowing reactions could occur: (1) S + B == SB, (2) S + B* = SB* (3) SB = SB*, and
(4) B = B* If the forms B* and SB* are susceptible to dansylation (possibly with dif-
ferent rate constants), while the forms B and SB are not, then an inhibitor with a
higher affinity to B than to B* should reduce the rate of dansylation; it would act like
DNDS. If the inhibitor has a higher affinity to B* than to B, then it should expose
additional dansyl chloride binding sites and thus behave like APMB. If the affinities are
about equal, then there should be little if any effect, as observed with DAS. Con-
versely, dansylation could shift the equilibrium between B and B* and thus account
for changes of the apparent K7 values for the reversibly binding inhibitors.

The second hypothesis would stipulate that the stilbene disulfonate binding sites
exist in a single conformational state which offers two different overlapping areas for
binding of the same inhibitor molecule. Thus the ratio of the occupancies of these
areas could be different for different inhibitors. This would lead to different effects
on dansylation similar to the inhibitor binding to two different conformers discussed
above. On the basis of the currently available information, the first hypothesis seems
preferable, but the second cannot be ruled out. For this reason, at the present time,
the two hypotheses may serve to illustrate a problem that is typical for inhibition

at a complex site in a complex transport molecule in which complex allosteric relation-
ships exist.

4.4.4 Mercurials

Like other SH reagents, the mercurial pCMBS (p-chloro mercuribenzene
sulfonate) has no directly assessable effect on anion transport in human
red cells. Nevertheless, Solomon and his associates have demonstrated in
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a series of papers (Lukacovic et al. 1984b; Yoon et al. 1984) that there
exist at least allosterical relationships between a specific pCMBS binding
site, possibly the SH group on the 17kDa tryptic-chymotryptic trans-
membrane fragment of band 3, and the stilbene disulfonate binding site.
With increasing pCMBS concentration in the medium, the apparent disso-
ciation constant for DBDS binding is reduced while the number of avail-
able DBDS binding sites does not seem to be affected. This suggests
strongly that there is no competition for a common binding site between
the two agents, but that the pCMBS binding exerts an allosteric effect on
the affinity of the stilbene disulfonate binding site. Moreover, the rate of
the slow conformational change of the band 3 protein that follows upon
initial complex formation between DBDS and the stilbene disulfonate
binding site is reduced (Lukacovic et al. 1984b).

pCMBS and related compounds, like pCMB or HgCl,, inhibit water
transport. Other SH reagents like NEM, iodoacetate, or iodoacetamide
produce no inhibition of water transport, but also do not interfere with
DBDS binding. This and other observations prompted Solomon and his
co-workers to propose that, perhaps, both water and anion transport are
mediated by the band 3 protein. They derived further support for this
view from the use of stilbene derivatives which, in place of the isothio-
cyanate groups of DIDS, contain -HgCl residues and thus are capable of
reaction with SH groups. These compounds inhibit anion transport instan-
taneously and completely with low apparent Kj values and water trans-
port slowly and only partially (Yoon et al. 1984).1? Stilbene disulfonates
do not affect water transport; thus Yoon et al. stipulate that the site of
inhibition of water transport is distinct from the stilbene disulfonate bind-
ing site but nevertheless located in the same channel that serves anion
transport. In this context, it may be recalled (see p. 94) that, on the basis
of entirely different evidence, Benz et al. (1984) suggested that the band 3
tetramers may form the water channels.

The mercurials mentioned above also enhance passive cation efflux. In
studies with liposomes containing purified band 3 protein, Lukacovic et
al. (1984a) also found an enhancement of K* efflux. They suggest, there-
fore, that under suitable conditions band 3 may serve as a channel for
anions, cations, and water.

12 Another SH reagent that has been reported to inhibit water transport in red cells
{Brown et al. 1975) and found to block anion exchange (Reithmeier 1983)is 5, 5-
dithio bis(2-nitrobenzoic acid)
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4.5 Interactions of Protomers of Band 3 Oligomers.
Inferences from Studies of Chemical Modification

The work with chemical modifiers shows that the distances between the
H, DIDS binding sites in adjacent protomers of the band 3 oligomers in
the red cell membrane are small, that interactions between them may
take place but that, nevertheless, each protomer seems to accomplish
transport essentially as an independently operating unit.

The evidence for the close proximity of adjacent stilbene disulfonate
binding sites comes from resonance energy transfer measurements and
suggests a site-to-site distance of about 28—-52 A (Rao et al. 1979). Some
of the bulkier stilbene disulfonate derivatives used for the energy transfer
measurements occupy not only their own site but also part of the stil-
bene disulfonate binding site in the nearest neighbor, thus preventing the
binding of another molecule to that site (Macara and Cantley 1981a).
For the less bulky stilbene disulfonate H, DIDS, neither overlap nor
intersubunit interactions have been observed so far. The rate of intra-
molecular cross-linking by H, DIDS is independent of the occupancy of
neighboring H, DIDS binding sites, suggesting that the rather spectacular
conformational changes associated with H, DIDS binding within each
protomer (see p. 173ff.) do not affect the H, DIDS binding site of the
neighbor (Kampmann et al. 1982).

Nevertheless, in other instances, interactions have been observed. After
phenylglyoxalation of a specific arginine residue in more than 90% of the
band 3 protomers, the affinity and rate of H, DIDS binding to about 50%
of the protomers is greatly reduced. Presumably the chemical modifica-
tion has changed the relationships between the H, DIDS binding sites in
adjacent protomers such that now the binding of H, DIDS to one of these
affects the binding to the other (Zaki 1981; Bjerrum et al. 1983). Carbo-
diimide rapidly inactivates 50% of the band 3 molecules. Further inactiva-
tion proceeds much more slowly, suggesting that the modifications of one
protomer reduces the rate of modification of any other. In spite of these
interactions, the capacity for H, DIDS binding to the unmodified pro-
tomers is preserved while it is lost in the modified protomers. Thus the
interactions seem to be confined to carbodiimide binding sites in different
protomers, and to the binding sites of carbodiimide and H, DIDS in the
same protomer (Andersen et al. 1983; Bjerrum 1983).

Regardless of the intersubunit interactions described, no evidence has
been obtained for cooperation of two or more protomers in anion trans-
port. The relationship between the binding of H, DIDS or its derivatives
and the inhibition of transport is always linear (Lepke et al. 1976 and
many others), even when the bulky derivatives are used whose binding
shows the negative cooperativity mentioned above (Rao et al. 1979). More-
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over, regardless of the effect of phenylglyoxalation on reversible H, DIDS
binding, the relationship between inhibition of transport and the bind-
ing of phenylglyoxal to its specific binding site is always linear over the
whole range between 0% and 100% (Bjerrum et al. 1983). In this context
it is pertinent to recall that the transport protein moves 10° anions per
half cycle across the red cell membrane, corresponding to one anion per
band 3 protomer (Jennings 1982b). Thus the currently available evidence
is entirely compatible with the view that each protomer acts as an inde-
pendently operating unit.

Even if each protomer acts independently, the possibility exists that
the oligomeric state is nevertheless necessary to maintain each protomeric
subunit in a functional state. This point has been stressed by Jennings
(1984) in a topical review on the oligomeric state of the band 3 protein
and its transport function. Jennings places particular emphasis on the
work of Boodhoo and Reithmeier (1983), who attached band 3 dimers to
a derivatized sepharose under conditions where only one of the protomers
in each dimer became covalently bound to the sepharose. Each of these
dimers was found to bind two stilbene disulfonate molecules. When, how-
ever, the noncovalently attached protomer of each dimer was removed by
washing the column with a dissociating agent, the remaining monomer was
unable to bind a stilbene disulfonate. Assuming that the method employed
for the removal of the noncovalently attached protomer did not denature
the covalently bound one, it was concluded that the interactions between
the subunits were necessary to maintain the transport protein in a func-
tional state.

4.6 Influence of the Composition of the Lipid Bilayer
on the Band 3 Protein-Mediated Anion Transport

The activities of the transport systems for hexoses, monocarboxylates,
and inorganic anions in the red blood cells of different mammalian species
show marked differences. Attempts have been made to correlate them
with differences of phospholipid composition and cholesterol content of
the cell membranes (for a brief review, see Deuticke et al. 1980). Correla-
tions have in fact been observed. They show some scatter, presumably
because the transport rates are expressed per square centimeter of mem-
brane surface rather than per transport molecule involved. Nevertheless, it
is believed that the picture is dominated by lipid-related effects.

The rate of inorganic anion exchange is linearly correlated with the
molar fractions of phosphatidyl choline (PC) and sphingomyeline (SM).
The former correlation is positive, the latter negative (Gruber and Deuticke
1973; Lu and Chow 1982). Since these two choline-containing phospho-
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lipids replace each other in the red cell membranes of the various species,
it remains open whether the increase of PC, the decrease of SM, or the
ratio of the two is the essential variable involved.

Differences of the degree of unsaturation of the fatty acids of the phos-
pholipids are also correlated with the rate of anion transport in the red
cells of different species (Deuticke 1977; Lu and Chow 1982). Thus, a
plot of transport rate against the 20:4 content is similar to that against
PC, and a plot against the sum 18:1 plus 18:2 similar to that against SM.
Consequently, the dependence of anion transport on the SM/PC ratio
could reflect a dependence on fatty acid composition. However, this inter-
pretation of the findings is not supported by experiments in which the
fatty acid composition of rat erythrocyte membranes was varied by suit-
able diets (Deuticke et al. 1980). In these experiments, the ratio SM/PC as
well as the rates of SO}~ equilibrium exchange remained unaltered. This
lends support to the idea that the species differences depend on this ratio
rather than on the degree of unsaturation of the fatty acids (Deuticke et
al. 1980).

In addition to the phospholipids, the cholesterol content also affects
the anion exchange. In human red cells, experimental incorporation or
depletion of cholesterol is associated with decrease or increase, respec-
tively, of anion exchange (Grunze et al. 1980). Similar changes were
observed in red cells of patients who suffered from chronic cholestasis,
which leads to a pathological increase of the red cell’s cholesterol content
(Jackson and Morgan 1982). The changes of anion transport are accom-
panied by changes of the arrangement of the band 3 protein in the lipid
bilayer (Borochov et al. 1976) and its internal organization as inferred
from studies of fluorescence quenching and polarization (Borochov and
Shinitzky 1976; Borochov et al. 1976; Klugerman et al. 1984; Shinitzky
and Rivnay 1977). In addition, it has been suggested that the aggregation
of the band 3 protein may be increased (Miihlebach and Cherry 1982).

In order to furnish some information for a causal analysis of the
observed correlations, Deuticke and his associates studied the effect of
systematic variations of the major classes of phospholipids and cholesterol
in reconstituted vesicles containing Triton X-100-extracted band 3 from
human red cell membranes. They found that (1) in mixtures of PC and
cholesterol, anion transport is barely affected by the cholesterol content
of the membranes up to the highest cholesterol content used, viz., 27 mol%
(Kohne et al. 1981); (2) in mixtures of SM and PC, containing approx-
mmately 25 mol% cholesterol, anion transport decreases considerably at
high SM content; (3) the transport remains unaltered when PC is replaced
by PE; and (4) in mixtures of PS and PE, anion transport decreases when
the PS content exceeds about 30 mol% (Kéhne et al. 1983).
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The effects described are not directly comparable to those observed in
intact red cells. In the vesicles, the phospholipid composition of outer and
inner leaflet of the lipid bilayer should be rather similar. This is not the
case in the intact red cells where the outward-facing leaflet contains pre-
dominantly PC and SM while the inward-facing leaflet contains most of
the PE and all of the PS (Zwaal et al. 1973). The total PS content of the
membranes of the red cells of all mammalian species studied so far is
about 15%; hence, the molar fraction in the inner leaflet should be about
30%, i.e., close to the fraction that in the vesicles produces inhibition. The
outer leaflet contains SM at molar fractions, varying between 20 and
100 mol% in the red cells of the various species studied, i.e., it covers a
range where anion transport in the vesicles decreases strongly. Since varia-
tions of PC have little effect on transport in the vesicles, it seems that the
rate of anion exchange in the cells is also essentially dependent on the
molar fraction of SM rather than on the inverse changes of the molar frac-
tion of PC. However, the band 3 protein has an asymmetrical structure;
thus, the effects of the lipids on the protein’s inward- and outward-facing
portions need to be known separately before the influence of the lipids
can be assessed more definitively.

In spite of these limitations, two comments on the possible cause of the
relation between lipid composition and anion transport may be permis-
sible.

1. Variations of lipid composition are likely to introduce changes of
general physical properties of the membrane such as surface charge and
fluidity. The PS should convey a negative charge to the inner membrane
surface and the specific unsaturated and long chain fatty acids of the SM
may affect the fluidity. An experimental study of the effects of surface
charge has not yet been performed, and the dietary variations of the fatty
acid composition of the phospholipids mentioned above do not seem to
support the fluidity concept (Deuticke et al. 1980). However, experimen-
tal incorporation of cholesterol into membranes of red cells leads to both
a decrease of fluidity and of anion transport (see discussion in: Deuticke
et al., cited above).

2. It has been suggested that a specific interaction between cholesterol
and the band 3 protein plays a decisive role in the control of anion trans-
port (Schubert and Boss 1982). It has been hypothesized that there exists
one inhibitory cholesterol binding site per band 3 protein molecule whose
occupancy is dependent not only on the cholesterol content of the mem-
brane but also on the SM/PC ratio in the bilayer. This hypothesis is based
on work with lipid monolayers from which the occupancy of a high-affin-
ity cholesterol binding site in the band 3 protein was inferred to be posi-
tively correlated with the cholesterol and SM content, and negatively cor-
related with the PC content of the monolayer. Thus the conditions that
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favored an occupancy of the binding site corresponded to those associated
with a decrease of anion transport in the red cell (Schubert and Boss
1982).

4.7 Stilbene Disulfonate Binding Site Revisited

The easy accessibility of the stilbene disulfonate binding site and the high
susceptibility of at least several of its constituents to chemical modifica-
tion have made this site a preferred object for biochemical and biophysical
studies of the molecular mechanism of anion transport. Nevertheless, the
considerable space aliotted above to the discussion of this site does not
only reflect the availability of many data. It is also a response to the puta-
tive significance of this site for anion transport. Several of its constituents
play a role in substrate binding either directly or indirectly, perhaps by
directing the anion toward a gate at the mouth of an anion channel. Other
constituents of the site seem to be involved in maintaining the anion bind-
ing and transporting region in a functional state. It seems appropriate,
therefore, to conclude the discussion of the transport-related molecular
properties of the band 3 protein by a synopsis of the observations on the
stilbene disulfonate binding site and of the inferences drawn thereof in the
preceding sections. First, the properties of the site itself will be con-
sidered. Thereafter follows a summary of the allosterical relationships
between some of its constituents and other regions of the transport mole-
cule that seem to participate in transport-related conformational changes
of the band 3 protein.

4.7.1 Structure and Function of the Site

In summing up, the stilbene disulfonate binding ‘“‘site” is a region of the
transport protein with a diameter of about 20 A. It is easily accessible for
stilbene disulfonates from the external medium, provided the transport
protein is in its outward-facing conformation. It overlaps with the binding
site for substrate anions and, in part, with the binding sites for other inhibi-
tors. After treatment with external papain, a 5-kDa piece of the peptide
chain is excised but not released. The capacity to bind stilbene disulfonates
is retained. The transport-related conformational changes of the substrate
binding site are altered. The site forms a hydrophobic niche with one or
several tryptophane residues nearby, and with at least four, probably
more, positively charged groups that are easily accessible from the outer
medium and separated from the inner membrane surface by a distance of
about 42—58 A. All groups combined contribute to create a local electro-
static field that attracts anions, repels cations, and leads to the establish-
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ment of a surface pH that differs from that in the bulk phase. In addition,
each group exhibits specific properties that may serve specific purposes
for the transport process.

The individual properties of the various groups have been explored by
acid-base titration and chemical modification, and attempts to assess their
functional significance have been made by studying the influence of varia-
tions of substrate concentration on the binding of protons and the other
modifiers.

Two of the positively charged groups could be identified as lysine
residues. One of them is contributed by the 17-kDa segment of the pep-
tide chain and resides in the first (Ramjeesingh et al. 1983) or second
(Tanner et al. 1980) outward-facing loop, counted from the N-terminal
end. Their pK values are abnormally low, which is presumably due to the
positive charge of two to three neighboring arginine residues, one of which
is located in the 35-kDa fragment.

Lys a and Lys b exhibit surprising specificities of their susceptibilities
to covalent chemical modification by dansylation, dinitrophenylation, and
reductive methylation. Neither one of the two residues can be dansylated
under conditions where other regions of the band 3 protein become
heavily labeled with dansyl chloride and divalent anion transport becomes
accelerated. Lys a is more easily dinitrophenylated than Lys b, while the
susceptibility of the two residues to reductive methylation is the inverse.

Increasing the chloride concentration enhances the dinitrophenylation
of Lys a, indicating that it is not directly involved in substrate binding.

Both sulfophenylisothiocyanate and pyridoxal phosphate are substrates
of the anion transport system. It is likely, therefore, that the noncovalent
binding that precedes their covalent attachment requires the positive
charges that are involved in reversible stilbene disulfonate binding. The
covalent reaction of the two agents takes place at two different, as yet un-
identified, amino acid residues. Sulfophenylisothiocyanate becomes
attached to the 17-kDa segment (presumably to Lys a), pyridoxal phos-
phate to the 35-kDa segment (presumably to Lys &).

The substrate NAP-taurine binds upon illumination covalently to an
unidentified amino acid residue on the 17-kDa segment. The binding site
is also close to a chloride-binding site, or allosterically linked to it. This
site is identical neither to the transfer site nor to another substrate binding
modifier site, which is located at the inner membrane surface (Dalmark’s
modifier site). Upon deprotonation of this binding site, anion equilibrium
exchange is enhanced. The deprotonation occurs with a pK of about 10.7,
suggesting the involvement of an arginine residue in a positively charged
environment. Assigning a location of this residue within the stilbene disul-
fonate binding site is further supported by this residue’s capacity to become
recruited by substrate gradients, similar to the recruitment of the transfer
site.
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The arginine residue mentioned in the preceding paragraph is distinct
from another one that titrates around pH 12 and whose deprotonation
leads to inhibition of anion transport. It has been proposed that the
former constitutes part of the transfer site. However, since it cannot be
recruited by substrate gradients, it seems that its role is confined to direct-
ing the substrate to the transfer site. It would thus exert a function similar
to that of arginine residues of many of the enzymes with anionic substrates.

The reversibly binding DNDS no longer combines with the stilbene
disulfonate binding site when this arginine residue is deprotonated. It has
been proposed, therefore, that this residue, together with the other argi-
nine residue mentioned above, is involved in the electrical neutralization
of the negative charges of DNDS. This interpretation is, however, only
tentative since the DNDS binding site, like the substrate binding site, can
be recruited. This discrepancy casts a shade of doubt on the hypothesis
that the arginine that titrates at pH 12 is indeed a constituent of the stil-
bene disulfonate binding site and not an allosterically linked site.

The functionally significant amino groups that are modified by phenyl-
isothiocyanate, the carboxyl group that is modified by carbodiimides and
the unidentified groups that react with dansylchloride are localized out-
side the positively charged area of the stilbene disulfonate binding site and
are only allosterically linked to the maintenance of its function. They will
be discussed in the context of the allosteric relationships between stilbene
disulfonate binding site and other locations within the band 3 protein.

4.7.2 Allosteric Interactions with Functionally Important Sites
of the Band 3 Protein

The binding and translocation of substrate anions by the band 3 protein
is associated with changes of the arrangement of the peptide chain, which
may result in alterations of the sensitivity to chemical modification of one
or several amino acid residues that are involved in neither anion binding
nor translocation and may be located far away from the transfer site.
Conversely, chemical modification of these amino acid residues can be
expected to give rise to changes in the size and rate of fluctuations of the
energy barriers that determine the rate of anion transfer across the mem-
brane. These allosteric interactions are an expression of the functional
interrelationships between different portions of the large transport mole-
cule. In the preceding sections, many examples have been described of
such allosteric interactions between the transfer site and so-called modifier
sites and among these modifier sites.

The study of the interactions between the various sites should enable
one to establish a map of functional interrelationships between different
portions of the transport protein. The information available is still inade-
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quate for this ultimate goal but interesting observations have been made.
Although overlap with the material presented in the preceding sections is
inevitable, a brief summary of the hitherto-described interactions may be
useful (Table 4, p. 155ff.).

1. Four different lysine residues have been identified which, when mod-
ified, produce a change of anion transport. Although two of them (Lysa
and Lys b) are constituents of the stilbene disulfonate binding site, none
of them seems to be directly involved in substrate binding to the transfer
site. The nature and extent of the effect produced depends on the loca-
tions of the sites and the chemical nature of the agent used for modifica-
tion. Dinitrophenylation of Lys a leads to inhibition, of Lys ¢ to an
enhancement of anion exchange. The inhibition that ensues as a conse-
quence of the modification of Lys a is only complete when the modifica-
tion is performed with N, ph-F or certain isothiocyanates like isothio-
cyano phenylsulfonate, but remains incomplete after exhaustive reductive
methylation. Allosterical interactions between Lys a (in the 17-kDa seg-
ment) on the one hand and either Lys ¢ or Lys d (both in the 35-kDa
segment) on the other hand have been demonstrated. Thus, after dinitro-
phenylation of Lys ¢, the rate of dinitrophenylation of Lys a is reduced;
after thiocyanylation of Lys a, Lys d can no longer react with phenyliso-
thiocyanate.

2.0ne or two carboxyl groups are allosterically involved in the main-
tenance of the functional state of the stilbene disulfonate binding site and
the anion penetration pathway, although possibly without influencing the
anion binding to the transfer site.

3. The dansylation of each of the three sites listed in Table 4 leads to a
considerable enhancement of divalent anion transport with a concomitant
slight inhibition of monovalent anion transport. Thus the effects are dif-
ferent from those of a modification of Lys ¢ by dinitrophenylation, which
slightly enhances both monovalent and divalent anion movements.

4. The self-inhibition of anion transport at high substrate concentrations
indicates the existence of a modifier site that combines with the substrate
and is allosterically linked to the transfer site. According to Knauf and
Mann (1984a), the site (No. 15 in Table 4) is located at the inner mem-
brane surface and is not identical with the NAP-taurine binding site at the
outer membrane surface. However, there exists a second substrate binding
site at the outer membrane surface. According to the Danish workers, the
site (No. 14 in Table 4) is accessible to external H*, phenylglyoxal, and
overlaps with the external NAP-taurine binding site.

5. Several instances are known where sites that are allosterically linked
to the stilbene disulfonate binding site reside on the opposite surface of
the membrane: (1) intracellular Ca®* and (2) intracellular APMB reduce
the reactivity of Lys a at the extracellular surface (Passow et al. 1980a,b).
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Binding of external H, DIDS (3) renders an inward-facing chloride-binding
site (presumably a constituent of the anion channel) inaccessible to cova-
lent reaction with NAP-taurine and (4) increases the capacity of the 42-
kDa domain of the band 3 protein to bind hemoglobin and glyceraldehyde
phosphate dehydrogenase (Salhany et al. 1980).

In other instances allosterical linkages between the stilbene disulfonate
binding site and modifier sites in the interior of the band 3 molecule have
been found. Phenylisothiocyanate reacts with a lysine residue inside the
hydrophobic portion of the 35-kDa segment, thereby blocking anion
transport and reducing the reactivity of Lys a. pCMBS presumably reacts
with an SH group on the 17-kDa transmembrane segment of band 3 with-
out inhibiting anion transport, but nevertheless modifying the kinetics of
stilbene disulfonate binding.

6. Finally, mention should be made that the arrest of anion transport
by noncompetitively acting inhibitors may stabilize different conformeric
states of the stilbene disulfonate binding site. For example, inhibition by
external phlorizin and certain derivatives of furosemide (but not furo-
semide itself) is accompanied by an increased accessibility of Lys a for
dinitrophenylation while inhibition by many other agents, including
internal APMB and Ca®’, is associated with a decreased accessibility of
that residue (Passow et al. 1980a,b).

7. In addition to the intramolecular allosterical relationships, the lipid
composition of the bilayer influences the conformation of the transport
protein and its capacity to transport anions. Possibly this influence is
exerted via a cholesterol-binding modifier site whose occupancy is not
only a function of the molar fraction of cholesterol in the bilayer but also
of the molar fractions of sphingomyelin and phosphatidylcholine.

The results described show that the combination of substrates or stil-
bene disulfonates with their respective binding sites causes allosteric
effects that can be monitored at least at 14 distinct locations of the trans-
port protein. This demonstrates most impressively that the transport
protein is quite flexible, and that allosteric effects are transmitted over
considerable distances between inner and outer membrane surface, and
between predominantly hydrophilic and hydrophobic portions of the
peptide chain. In some instances it was possible to establish correlations
with substrate binding, but an interpretation in terms of the molecular
mechanism of the transport process is still out of reach. Nevertheless it
is clear that the enormous flexibility of the molecule would make it quite
suitable to act as a channel with variable barrier heights.
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5 Models of Anion Transport

The guiding lines for the experimental exploration of unknown mechanisms
are provided by models. The kinetics of anion transport seem to be recon-
cilable with Lduger et al.’s (1980) model of a channel with variable-energy
barriers. The model accounts for the occurrence of the large electrically
“silent” anion exchange and the small diffusive anion flow. It provides,
however, only a rather formalistic description of allosterical interactions
and conformational changes within the large transport molecule. There
remains, therefore, the task of identifying the structures and their changes
that are responsible for the formation of the energy barriers and their
fluctuations. The models of such structures may be subdivided into
archaic and recent ones (Fig. 29).

The oldest model was that of Mond in 1927, who believed in the exis-
tence of water-filled pores, lined with positive fixed charges which permit-
ted access to anions and repelled cations. A reinvestigation of his fixed-
charge hypothesis in the sixties showed that the assumption of an accumu-
Jation of anions at the membrane surface by clusters of fixed positive
charges seemed tenable, but that the fixed charges themselves could not
act as a rate-limiting barrier as in Mond’s original model. The nature of the
barrier remained to be established (Passow 1969). After the discovery of
the first pieces of evidence for a transport function of the band 3 protein
in Toronto, Boston, and Frankfurt, Rothstein et al. (1976) suggested
anion binding to a rotating side chain in an agueous channel formed by
the protein molecule. Gunn (1978) proposed a mechanism operating like a
sluice with two gates in series. The anion enters the sluice with one gate
open, the other closed. The open state closes, the anion passes by a posi-
tively charged group in the water-filled space between the two gates. The
second gate opens, the anion is released at the other surface, and the
sluice is capable of accepting another anion for the transfer in the opposite
direction.

On the basis of the information reviewed above, it would not seem
unreasonable to assume that several more or less parallel segments of the
peptide chain form a channel that extends all the way across the mem-
brane. The fluctuating energy barriers that constitute the rate-limiting
steps are assumed to be confined to a narrow portion of the channel near
the outer surface, where amino acid residues from the different adjacent
segments of the peptide chain would form a gate. Some of the gate’s con-
stituents would also be constituents of the stilbene disulfonate binding
site. In view of the high turnover number (about 5 X 10* s™! band 37" for
Cl™ at 38°C; Brahm 1977), it would seem likely that the rate-limiting steps
are confined to a small number of fluctuating barriers. The fluctuations
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Fig. 29. Models of anion transport

would represent the allosterical and conformational changes during anion
binding and translocation. The changes are not confined to the gate itself
but can be monitored at distant regions of the molecule that are allosteri-
cally linked to the gate (“transfer site”).
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Currently there exist two essentially different types of models that may
be designated as “knock on’ and ‘“lock in” models. Both models include
the assumption that the substrate anions may be accumulated at the chan-
nel orifice by a cluster of positive fixed charges.

The “knock on’ mechanism is based on the assumption that the arriv-
ing anion breaks salt bridges of protein-bound arginines and carboxyl
groups by electrostatic interactions. The arriving anion is first directed to
the salt bridge by the presence of specific arginine residues. It switches
place with the carboxyl group of the ion pair. This leads to the establish-
ment of anew salt bridge with the arginine residue that served to neutralize
electrically the diffusible anion in front of the original salt bridge (Macara
and Cantly 1983). In this model, the arriving anion reduces the height of
the energy barrier in its penetration pathway; the migration of the anion
would, therefore, contribute to the electrical conductance of the mem-
brane. To account for the electrically nearly “silent’ anion exchange, a
similar model has been proposed with two such salt bridges in series (Wieth
et al. 1982b; Brock et al. 1983): after passage of the first bridge and the
reconstitution of a new bridge with the exofacial arginine residue, the
second salt bridge is opened and subsequently closed after an exchange of
places between the diffusible anion and the carboxyl groups involved in
salt bridge formation. This model resembles that of Gunn (1978) and
would not contribute to the conductance when one gate is closed before
the other is opened. Since the penetrating anion opens a series of salt
bridges, this model has also been called a “‘zipper model” (Wieth et al.
1982b).

According to the “lock in” mechanism, the arriving anion becomes
entrapped by the originally open gate near the mouth of the channel
(Passow et al. 1980b; Knauf et al. 1980) possibly at a site with one or two
arginine residues. This would increase the barrier for anion diffusion across
the channel. Transport would, therefore, require a reduction of the height
of the energy barrier in front of the penetrating anion and, for the main-
tenance of a low conductance, an increase of the barrier in the rear. This
would be the equivalent to the assumption that the complex between
anion and transport protein undergoes a change from inward-facing to
outward-facing conformation. The anion can now be released at the inner
surface and the gate would be ready to bind the anion for the journey in
the opposite direction.

In both types of models, the penetrating anion would catalyze the con-
formational transitions between inward-facing and outward-facing con-
formers. The small diffusive component would be explained by the
“knock on” model, by the rare occurrence of the simultaneous opening of
both of the consecutive gates, by the “lock in”” model, and by the jump of
the ion out of the substrate protein complex before the gate undergoes
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the conformational transition that leads to the electrically silent anion
exchange.

At the present time it is difficult to express a clear preference for one
or the other of the two types of models. Both models would require that
the arginine residues at the outward-facing mouth of the channel are elec-
trically neutralized by diffusible counter ions. Since these arginines do not
seem to participate in recruitment phenomena, they are unlikely to be
directly involved in anion binding. Thus, anion binding would need to
take place more deeply inside the channel orifice.

The “knock on” process has been invoked on the grounds that the exis-
tence of ion pairs inside a pore traversing a membrane of low dielectric
constant is energetically more favorable than the presence of ionic groups
that are not electrically balanced (Wieth et al. 1982b; Brock et al. 1983).
This argument is certainly true and renders mechanisms of the “knock
on” type quite attractive. There exist, however, to date, no experimental
observations that would be directly supportive for one or the other ver-
sion of the knock on mechanism. Even the demonstrated participation of
a carboxyl group in anion transport (Bjerrurn 1983) is of little help in this
respect since it is likely that it is involved in the maintenance of the func-
tional state of the channel or gate rather than directly participating in
anion binding (see p. 163).

The “lock in” mechanism would require that positively charged or un-
charged amino acid residues at the gate replace the hydration shell of the
substrate anion, similar to the cyclic carrier peptides that are known to
solubilize hydrophilic cations in lipid double layers. This replacement
would constitute the “lock in’ process, which is then followed by a transi-
tion of the complex between the substrate and the constituents of the
gate across the rate-limiting barrier and the release of the substrate into
the channel leading to the inner membrane surface. The free enthalpy
changes involved in such a process do not need to be much different from
those seen with diffusable peptide carriers. Local disturbances of electro-
neutrality would also represent no obstacle for the operation of such a mech-
anism. There is no need for strict electrical neutrality at any location within
the membrane. It is sufficient if electrical neutrality is maintained over the
thickness of the membrane and the adherent electrical double layers.

In conclusion of this section it may be pertinent to recall the energy
transfer experiments of Macara et al. (1983) discussed on p. 165. After
covalent reaction of the nonpenetrating eosine maleimide with an amino
acid residue on band 3 that is accessible from the outer surface, the eosine
fluorescence can only be quenched by intracellular but not extracellular
Cs". As has already been pointed out, this observation is difficult to recon-
cile with a Zipper model with several salt bridges in series, although it is
easily compatible with a lock in mechanism.
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Even after the amino acid sequence of band 3 has become known, it is
not yet possible to replace the models described above by more realistic
explanations of band 3 function in terms of band 3 structure. One of the
main difficulties involved is the absence of adequate information about
the three-dimensional structure of the band 3 protein and about the num-
ber, nature, and localization of the amino acid residues involved in anion
binding and transiocation. Nevertheless, the localization of certain cova-
lently binding inhibitors of anion transport is known and can be used to
make suggestions about the involvement of specific segments of the pep-
tide chain in the transport process.

Lysine residue a in human band 3, which is allosterically linked to the
substrate binding site and involved in the covalent bond formation with
N, ph-F and one of the isothiocyanate groups of H, DIDS, is probably
homologous to Lys-558 or Lys-561 in transmembrane segment 5 of mouse
band 3 (Kopito and Lodish 1985). It isaccessible from the external medium
and allosterically linked to Lys-608, which resides in transmembrane seg-
ment 6 inside the bilayer and near the inner membrane surface (Fig. 26).
Lysine residue b, which is also allosterically linked to the substrate binding
site (reductive methylation leads to inhibition, Jennings and Adams 1981)
and involved in the intramolecular cross-linking by H, DIDS is located out-
side the segment sequenced by Brock et al. (1983). According to Kopito
and Lodish (1985) Lys-657 is alikely candidate. It resides at the outer mem-
brane surface in transmembrane segment 7. The involvement in anion trans-
port of the loop formed by transmembrane segments 6 and 7 is further sug-
gested by the work of Jennings et al. (1984) who have demonstrated a
modification of anion transport after splitting the peptide chain with extra-
cellular papain at Thr-647 in transmembrane segment 7. When I, DIDS is
added after splitting by papain, the intramolecular cross-link is no longer
established between Lys a and Lys &, but between Lys ¢ and some other
lysine residue which in contrast to Lys b is situated inside the papain
fragment P, (possibly Lys-643). This indicates that hydrolysis at Gly-648
leads to a rearrangement of a portion of the peptide chain that is associated
with transport.

The results described make it appear likely that the putative transmem-
brane segments 5, 6, and 7 are constituents of an anion channel across the
membrane.

Lys-449 at the outward-facing end of the transmembrane segment ! can
be modified without inhibition. This is probably also true for Cys-861 and
903 (although a clear demonstration of the absence of inhibition after a
chemically verified success of the modification by SH reagents is still
missing). Thus there is no evidence that the peptide chain between Arg-800
and the C-terminal Val-929 is involved in anion transport.

The arginine residues stipulated to be constituents of the stilbene disul-
fonate binding site and hence of the anion gate are possibly contributed
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by outward facing portions of segments 2, 4, 8, 9, or 10. These segments
carry the arginine residues 451, 509, 675, 748, and 778 near the transi-
tions from hydrophobic to hydrophilic regions of the peptide chain. Two
of them could be involved in neutralizing the negative charges of the stil-
bene disulfonates and one or two more could account for the kinetics of
the cross-linking by H, DIDS of Lys-558 and either Lys-649 or -657.
Although these possibilities constitute a suggestive basis for the formula-
tion of hypotheses about the spatial arrangement of the peptide chain at
the anion gate, the information at hand does evidently not suffice to make
realistic suggestions. Thus, for the time being the knowledge about band 3
structure and the models derived from kinetics of transport cannot yet be
bridged. The elucidation of the primary structure opens up, however,
many new avenues for the establishment of a more realistic picture of the
structural basis of the transport process.
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Appendix A

In the steady state the concentrations of all participants of the transport
process are time-independent. For Ping-Pong kinetics without allosteric
interactions between transfer site and modifier sites, this means that each
of the derivatives with respect to time of , w, ar, and as are zero. If, to be

more general, slippage is included in the treatment (i.e., k{5 and kg; are
finite), one obtains:

& By — Kigr +Kgys=0 Al
—= . — . 7 5=

dt‘ i 1 18 81 ( )
dar

=ty ~k12ar+k2161S=0 (AQ)
dt

dbr

""""=+ﬁl *k15b7+k51bS=O (A3)

dt
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ds
— =+, 8, thkigr— ks 5=0 (A4)
dt
das - o, +k,ar —kyas =0 (A5)
dt
db
E"E:*ﬁg +k15br—k51aS:0 (A6)

The terms oy, f; and a,, 8, account for the fact that due to the rapid
establishment of the mass law equilibria (a - r= K4, +ar,a -s=K,, - as;
br=Ks9, *br, b -5=Ks, - bs), the s conformers that are converted
into r conformers immediately react with a and b to form ar and br while
equivalent amounts of ar and br that have been derived from as and bs
are converted into 7 + a + b. Corresponding behavior applies to a, as, and
bs. Adding equations Al, A2, and A3, or A4, A5, and A6 one obtains:

d(r +ar + br) dis tas + bs)
+ = — =—k18r+k315“—k12ar+

at dt kyras — kysbr+ ks, bs =0
which upon rearrangement leads to:
kisartk,sbrtkisr=kyias tks,bs+ kg s

Assuming that there is no slippage (k;s = ks; = 0) one arrives at the
assumption (ii) (steady state) used in the derivation on p. 102.

The same type of reasoning also applies to all extensions of Ping-Pong
kinetics involving modifier sites, e.g., Egs. 2, 3, regardless of whether or
nota' =a’' =aand b =b"=b,ora #a' and b’ # b"'. It ensures that the
requirement for microscopic reversibility is met.

Appendix B

The numerical evaluation of the equations of transport kinetics yields
unique results only if the parameter values are independent of one another.
To ensure this, for numerical calculations, it is necessary to reduce to the
minimum the number of parameters in the equations that are required to
describe the model. The usual algorithms for the solution of kinetic equa-
tions take this automatically into account. However, in the derivations
given in this paper, where merging individual parameter values into com-
posite quantities is deliberately avoided, the necessary reduction of the
number of parameters has to be achieved by establishing all existing inter-
relationships, and subsequent elimination of parameters that can be
defined in terms of other parameters.
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The procedure may again be exemplified on the basis of Ping-Pong
kinetics without modifier sites. The simplest possible reaction diagram
including “slippage,” i.e., the transitions 7 = s of the unoccupied transfer
site:

ks
adtra——————»s+q"’
kg,
K101 Kll
kis
ar ;s=/=/—————» 5q
ki

leads to the following expressions: @ * ¥ = Ky¢; *ar,a ~s= Ky, <as, r/s=
kgy/kis, and arfas = k,;/ky,. Combination of these equations yields:
Kio1 *kyi/kis = Ki; * ksy/kis. This enables one to eliminate one of the
parameters, e.g., ks;/kis by Kio1 k21/ki2 Ki1.'® For more complex
systems, sets of similar relationships can be established and from their
nature and number, the number of independently defined parameter
values can be easily predicted. It is preferable not to execute all possible
substitutions of excess parameters in the equations for j;, since this
would tend to introduce terms that are not immediately intelligible, but
to list them independently. This ensures that the relationship between the
independent variable g and the various parameters that define the model as
well as the relationships among the various parameters remain transparent
and susceptible to the manipulations that are necessary for the explora-
tion of the properties of the model.

It may be instructive to apply the reasoning described above to the
most general reaction network used in this paper (Fig. 9b). This network
is described by 24 mass law constants and 4 rate constants. The ratios
ki2/kyy and kys/ks, of the latter are equivalent to two more mass law
constants. Thus there are altogether 26 constants which are related to
each other by nine equations:

Kso0 * K01 = Ks00 * Kaoy Kso * K51 = Kj0 - Ky,
Kioo *Kioz = Kio1 * Kios Kio K12 =Ky1 - Ky
K300 * K100 = K301 * K303 K30 * Kio = K51 * Ks;
Kr00 * Kz02 = K101 * Kz04 Kyo - K3y =Ky Ky,

13 It should be noted that the rate constant k;, in the equation for the flux j;, =
k12 °ar cannot be altered independent of k,;. For a given set of constants Kio1,

K11, kig/ks1, the ratio ky1/k12 is fixed. Hence a change of kyy requires a cor-
responding change of k,;
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and

Kio1 * K34 _ kiy ks

Kl‘l ‘K301 k21 kls

These equations enable one to eliminate nine constants. The equation
for j;, derived from the network (Eq. 3, p. 101) contains, in addition to
ki,, ten constants. Thus, for numerical evaluation, one more constant
needs to be eliminated. In the specific case at hand, it would be most
convenient to eliminate either the ratio kq5 /k1s or k541 /ks1 .

Evidently, the parameter values used in Eq. 3 could be replaced by
any combination of other parameter values in accordance with the rela-
tions listed above.
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stilbene, covalent binding 143ff.
— disulfonate binding 77,79
— — — site 178
—, affinity 168
— — — —, conformation 167
— — — —, distance 169
— — — —, properties 130ff., 149
— — —, structure and function
1351ff., 173

223

— -~ derivatives 132,135

— disulfonates 74

— — and anion exchange 135
— ~, nonpenetrating 63, 64, 65
—, noncovalent binding 142, 143
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water permeation 94
— transport 168

zipper mechanism 165
— model 180



