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I. Introduction 

Carrier proteins catalyze the translocation of solutes 
across biological membranes and thus provide a central 
function indispensable for every living cell. The signifi- 
cance of membrane transport is not simply to supply 
the cell with nutrients and other essential substrates 
but also to remove metabolic waste products. Besides 
this, membrane transport plays a role in other aspects 
of cell function, e.g., energy transduction, cell motility 
and information processing. 

In the past, most investigations focused on charac- 
terizing the kinetic and energetic properties of particu- 
lar carrier systems, each of which is responsible for 
some essential function within the metabolic network 
of the cell. As a result, the general impression was that 
of an enormous diversity of mechanisms and strategies 
in the way nature has solved the cells demand for 
catalyzing solute translocation. As in other fields, the 
impact of the techniques of molecular biology then 
significantly changed the strategies for solving ques- 
tions of membrane transport. Consequently, major ef- 
forts are currently concentrated on structural aspects 
of the various carrier proteins. The first primary struc- 
tures of carrier proteins were determined little more 
than a decade ago [1,2]. Nowadays a large amount of 
data on the amino acid sequence of various prokaryotic 
and eukaryotic carrier proteins is available, in many 
cases the transmembrane topology of these hydropho- 
bic polypeptides has also been determined. Moreover, 
for several carriers not only is the 'original' structure 
known, but many amino acids of particular interest 
have been altered by random and site-specific mutage- 
nesis, the most elaborate example being the/3-galacto- 
side:H + symport carrier of E. coli [3-5]. The most 
fascinating result of these investigations into the struc- 
tural aspects of carrier proteins has been the recogni- 
tion that most, if not all of these carrier systems, 
irrespective whether of prokaryotic or eukaryotic ori- 
gin, have a common structural design, as expressed in 
the arrangement of transmembrane domains [6-8]. This 
finding immediately led to two conclusions. First, the 
common design of carrier systems should possibly be 
related to a common evolutionary origin, and second, it 
seems reasonable to assume that a surprisingly similar 
structural concept will be correlated to an equally 
similar general principle of function. The latter con- 
cept then obviously encouraged the suggestion of a 
consensus function [9] by membrane transporters in 
analogy to the impressive arguments for a consensus 
structure [6-8,10-12]. Thus, in studies trying to relate 
structural and functional properties, it was in turn 
recognized that the observed enormous diversity of 
transport systems could basically be explained by the 
modification of a few common principles. The variation 
of these principles could be explained (a) by the need 

for specificity for the structural demands of  particular 
substrates, (b) by the particular energetic requirements 
under which a particular solute is transported, and (c) 
by the need for mechanisms to couple various kinds of 
energy input to the vectorial reaction of solute translo- 
cation. The latter requirement was frequently found to 
be solved with the help of additional peripheral do- 
mains. 

Theoretical concepts for understanding carrier 
mechanism were first developed with the aid of de- 
tailed kinetic measurements. These led to concepts 
such as the 'simple' or 'complex' pore and carrier 
[13-17], as well as to methods and criteria for testing 
their significance [18-22]. In parallel, progress has 
been made in the elucidation of carrier mechanisms by 
using biophysical methods and interpretations. Al- 
though these concepts have already contributed signifi- 
cantly to understanding of the transport mechanism at 
times when it was impossible to work on the molecular 
level, valuable concepts with respect to energetic prin- 
ciples of membrane transport have especially been 
obtained in recent years (see 3.1). This development 
was stimulated by directly comparing the functional 
concept of enzymes and carriers. In fact, carriers have 
a lot in common with 'normal'  enzymes, and direct 
correlation in energetic and kinetic terms shows that 
the basic principle of their catalytic cycle is closely 
related: (a) binding of substrate, (b) chemical transfor- 
mation (enzyme) or translocation (carrier), and (c) 
product release. The main difference is the scalar 
(chemical) reaction in the case of enzymes, which is 
vectorial for carrier proteins, as well as the fact that 
the reactants of carriers are located in two separate 
compartments. As will be outlined later in more detail, 
this comparative approach has led to significant 
progress in understanding the energetics of carrier- 
catalyzed transport. 

Obviously, there is encouraging progress with sev- 
eral aspects of the elucidation of membrane transport 
processes, from the structural point of view, from new 
strategies of functional analysis and from refined con- 
cepts of transport energetics. In contrast to many re- 
cent reviews, which have focused mainly on the struc- 
tural aspect, the purpose of this paper is to describe 
the current state of correlation between the concepts 
of carrier mechanism and molecular data on their 
function. In the first sections, different aspects of car- 
rier catalysis and conceptual principles of carrier mech- 
anism will be outlined. In the following parts the 
discussion will concentrate on whether and how these 
concepts can be correlated to events on the molecular 
level for various functional principles. In this respect, 
three major questions will be addressed using repre- 
sentative examples of carrier proteins. 
(1) How can the pathway of a substrate through the 
carrier protein be rationalized in molecular terms? 
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(2) What is the current state of knowledge concerning 
the mechanism(s) of coupling in carrier catalysis with 
respect to the different types of transport mechanisms, 
i.e., primary and secondary transport? 
(3) Is the conceptual differentiation between carrier 
and channel still valid or have the concepts merged? In 
view of the unifying concepts for membrane transport 
which have been put forward based on structural and 
evolutionary relationships, this question may also be 
formulated to ask whether unifying concepts also exist 
for membrane transport function. 

These topics will be discussed by using selected 
examples where the correlation of mechanistic con- 
cepts and molecular data is at an advanced state of 
elucidation. Even in view of this restriction, it was 
obviously necessary to arbitrarily select examples out of 
a variety of systems in a comparable state of charac- 
terization, e.g., in the case of P-type ion ATPases only 
the sarcoplasmic Ca2+-ATPase is discussed, or in the 
case of secondary sugar carriers, where the intestinal 
Na-glucose carrier and the bacterial secondary sugar 
carriers (lactose and melibiose carrier) have been cho- 
sen. 

2. Interpretation of carrier mechanism 

In the course of many years, various experimental 
and conceptual strategies have been applied for under- 
standing how a carrier protein works. Each approach 
has its own value and emphasizes a particular aspect of 
carrier catalysis. On the other hand, it seems to some 
extent confusing that a common process may be cor- 
rectly described by greatly differing concepts. 

The first and most widely used approach is the 
description by kinetic schemes. Fig. 1 exemplifies this 
concept for two secondary carrier proteins, the anion 
carrier from erythrocytes and the/3-galactoside carrier 
from E.  col i  (lac-permease) and for a primary carrier, 
the Ca2+-ATPase from sarcoplasmic reticulum. The 
examples of Fig. 1 will be discussed in detail below 
(4.2, 4.3, 6.1). This description is formally similar to the 
well known King-Altman schemes used for enzymatic 
reactions [23]. The carrier protein, represented as C or 
E (for enzyme, Ca2+-ATPase), may exist in different 
states. They differ with respect to number and type of 
bound ligands (CI-, HCO 3, lactose, H ÷, ATP, ADP, 
Ca 2+ and Pi), with respect to covalent modification 
(e.g., acyl-Pi), and with respect to the conformational 
state of the protein (C e and C i, or E 1 and E 2, respec- 
tively). The connecting arrows indicate the probability 
of a reaction from one state to the other. Some con- 
nections are shown by broken lines which means that 
these pathways are kinetically or energetically 'forbid- 
den'. In other words, the probability of a reaction 
along these particular pathways is extremely low. 

A 

cl"c. ~ c~cr 

c,-_5 
e~ . . . . . . .  e~ 

HCO#,~ ( ~  HCO~ 
HCOEC.~ ~ ~ CjHCO; 
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o E 2 P E1 (Ca)2 

2 Calu ~ (~AT~y t  
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Fig. 1. Kinetic schemes for the anion carrier from erythrocytes (A), 
the /3-galactoside/H + symport carrier from E. coli (lactose perme- 
ase, 13) and the Ca2+-ATPase from sarcoplasmic reticulum (C). For 
these three examples, a minimum number of catalytic steps, labeled 
with consecutive numbers is shown. Broken lines indicate energeti- 
cally or kinetically 'forbidden' transitions. (A) The complete hetero- 
logous exchange reaction of the red blood cell anion carrier, i.e., of a 
transporter with ping-pong-type kinetics, includes two identical half- 
reactions carrying two different substrate molecules. (B) Since in the 
case of the E. coli lactose permease, data indicating the specified 
binding order of the two substrates are available only for the external 
reactions (first H +, then sugar [111,120]), a three-dimensional scheme 
is shown in order to provide the two possible reaction orders at the 
inside. The front part represents the transitions with outward-facing 
binding site (Ce), whereas the back part shows the catalytic steps 
with inward-facing binding site (Ci). (C) The simplified scheme of 
the Ca2+-ATPase [27,475] includes the two major conformational 
states (E 1 and E 2) and the reactions at the cytosolic side (ATPase 
phosphorylation and dephosphorylation, Ca 2÷ binding), as well as 
that at the lumenal side (Ca 2+ release into the sarcoplasmic reticu- 
lum, dephosphorylation). 

Charges may not only be attributed to substrates, but 
also to the carrier protein, i.e., to the substrate binding 
site itself. The advantage of this schemes lies in the 
fact that a formal kinetic description can be derived 
directly from it, including respective charge move- 
ments. The disadvantage is mainly psychological: it is 
tempting to take the indicated carrier 'movement' liter- 
ally, whereas only a description of a conformational 
change is intended. Furthermore, it suggests that those, 
and only those, states shown in the scheme really exist, 
whereas the process may be much more dynamic in- 
cluding various substates. 
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A different description of carrier processes, which is 
also of great advantage, is much less frequently used. 
In Fig. 2 the energy profile for the mechanism of the 
adenine nucleotide carrier is shown (first part of the 
catalytic cycle) [24]. This diagram describes the free 
energy change in different steps of the catalytic cycle, 
the construction principle of a carrier thus becomes 
understandable in energetic terms. Moreover, the rea- 
son for a particular reaction being rate-limiting or even 
'forbidden' (e.g., 'reorientation' of the unloaded car- 
rier) becomes clear because of the presence of a high 
energy barrier for this reaction. 

The energy profile of a carrier-catalyzed reaction 
has also been described differently [25-27]. In Fig. 3 
the energy barrier model for the Ca 2 ÷-ATPase (P-type 

A G f- ~-;--: 
AG c, . ' ~  . . . . . .  

AG; ~ ,- - -c-L -' / 

A Gca t 

~.G ~' 

Fig. 2. Energy profile of a secondary carrier. This type of diagram 
was developed for the mitochondrial A D P / A T P  carrier [24], based 
on energetic principles derived for primary transport systems [36,44]. 
For simplicity, only half of a transiocation reaction of a secondary 
carrier is shown, i.e., altogether a quarter of the full catalytic cycle 
(cf. Fig. 1A). The arrows represent free energy contributions of 
conformational changes and binding interactions of both substrate 
(S) and carrier protein (C). In the first transition from the ground 
state with externally exposed binding site, both substrate (S e) and 
carrier (C e) must be converted into the binding state (C' e, S' ,  for 
clarity, S" is not shown in the figure) by input of free energy (A G~, 
A G~). In contrast to enzymes, where the substrate S is changed 
during the reaction, A G~ clearly dominates over A G~. The negative 
free energy of binding interaction (A G~nt) leads to the energy level 
of the carrier-substrate complex in the binding state (SC~). The high 
negative free binding energy of the interaction of carrier and sub- 
strate in the transition state (A Gint ) is not realized because of the 
large positive conformational energy necessary to bring the carrier 
protein into its transition state (A G~). The states indicated by boxes 
with broken lines are not expressed in this mechanism. The 'energy 
trap' of the (SC*) complex is avoided by the transfer of binding 
energy into conformational energy. The high free energy level of the 
transition state of the unloaded carrier (C*) indicates that in this 
type of carrier (coupled antiport) a transition using the unloaded 
carrier species is forbidden (cf. Fig. 1A). The utilization of binding 
energy for conformational changes of the carrier protein in both the 
binding and the transition steps (expressed as the 'catalytic energy' 
A Goat) leads to a relatively smooth energy profile (small A G ÷) of 
the transport reaction. 

ATP 

2 Cacyt ~ 

A D P  

. ~ E2P(ca)2 

Calu m 

Fig. 3. Energy barrier diagram of a P-type ATPase (Ca2+-ATPase) 
(modified from [27] with permission). In a multistep reaction, the 
substrate (black circle) moves to the internal binding site, further 
movement (transport reaction) is inhibited by the high energy bar- 
rier. Input of free energy from the chemical reaction (ATP binding 
and phosphorylation of the ATPase) is expressed in a conformational 
change of the protein thus moving the energy barrier to the other 
side of the substrate. The substrate dissociates along several interme- 
diates and the unloaded carrier protein switches back to the original 
conformational state correlated with dephosphorylation of the ATP- 
ase. 

ATPase) is shown. This scheme emphasizes the pres- 
ence of multiple substates of the carrier, or multiple 
binding sites within the path of the solute. It further- 
more indicates the putative 'movement' of the critical 
energy barrier which is essential for carrier function in 
preventing 'forbidden' reactions. This description is 
well-suited for explaining the differences between 
pores, channels and carriers, as well as for properly 
explaining experimental observations like leaks, slips 
and 'tunneling'. 

Schematic models with an artist's impression are 
often helpful when trying to rationalize the molecular 
events or to emphasize a particular topological con- 
cept. As an example, in Fig. 4 the 'single-center gated 
pore model' as developed for the mitochondrial 
A D P / A T P  carrier is shown [24,28,29]. The advantage 
of these models is inherently also their drawback. They 
lead to the impression that we in fact have a concep- 
tion of the conformational changes occurring during 
transport catalysis, which is definitely not the case for 
any single carrier. However, the different steps (bind- 
ing, translocation and release), as well as the presence 
of two ground states in which the binding site is ex- 
posed to different sides, are represented in a neat way. 

This type of model may be refined when either 
distinct functional domains can be determined or when 
data concerning the 3D-structure are available. Obvi- 
ously, this is easier if the protein is constructed of 
distinguishable domains (e.g., Figs. 9-11). True 3D 
structures on the atomic level have not been obtained 
for any carrier protein. At least two cases, however, are 
remarkable: the structure of bacteriorhodopsin as re- 
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f ined by electron diffraction [30], and the X-ray struc- 
ture of  the outer  m e m b r a n e  channel  of  Rhodobacter 
capsulatus [31,32] and E. colt [33]. 

It is obvious that  every par t icular  type of  model  has 
its own advantages  and  drawbacks.  Al though,  for ex- 
ample,  kinetics may in fact provide a correct  descrip- 
t ion and even predict ion of  the macroscopic  move- 
ments  of  substrates,  inhibitors etc., it cannot  be used to 
prove any molecular  model  of  carrier  function. O n  the 
o ther  hand,  even a correct  3D structure  of  a carrier 
prote in  will not, at least not  immediately,  give us an 
idea of  the  dynamic  behavior  of  conformat ional  states 

$ 

Fig. 4. General model of conformational changes related to the 
transport reaction of an anion carrier protein. The model includes 
putative charge interactions and represents a modified version of a 
scheme developed for the mitochondrial ADP/ATP carrier and 
designated as 'single center gated pore mechanism' [24,28,29]. Elec- 
trostatic interactions provide 'gating' mechanisms at the two sides of 
the membrane, alternatively 'closing' either the external or the 
internal access channel. Charge compensation is accomplished by 
interaction of the amino acid side chains in positions neighboring 
either along or across the access channel. It should be emphasized 
that the upper and the lower protein 'parts' in the scheme clearly do 
not mean two identical subunits, but simply represent an intersection 
across the substrate pathway. 

.1 

Fig. 5. Schematic model of the five basic reactions in carrier catalysis. 
(1) Diffusion into the access channel at side 1, (2) binding, (3) 
translocation, (4) dissociation of the substrate, and (5) diffusion out 
of the access channel at side 2. 

and substates nor  will it give a simple answer to chal- 
lenging quest ions about  coupling and stoichiometry 
(Section 6). 

3. Carrier catalysis: general background 

3.1. The concept o f  carrier catalysis 

The basic concept  of  carrier catalysis has been  de- 
scribed in detail in numerous  reviews both  f rom the 
energet ic  and f rom the kinetic point  o f  view [16,25- 
27,34-44].  Obviously, the aim of  carrier  catalysis is a 
vectorial  reaction,  i.e., solute movemen t  f rom one  com- 
pa r tmen t  to the other.  The  overall react ion includes 
several steps (Fig. 5): (1) diffusion of  the solute to the 
binding site, (2) binding of  the solute, (3) t ranslocation 
step, (4) dissociation o f  solute and carrier  protein,  and 
(5) diffusion of  the solute away f rom the binding site. 
Steps (1) and (5) are not  un impor tan t  especially for 
channel- type  proteins  [45-48],  because  of solute inter- 
act ion with the surface of  the carrier and the phospho-  
lipid membrane .  Fur thermore ,  the binding 'vest ibule '  
may geometrical ly restrict the solute 's movement .  These 
steps, however,  are not par t  of  the intrinsic carrier 
funct ion and will be neglected here,  
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The translocation step as the central reaction in 
carrier catalysis involves a major conformational change 
(reorientation) of the carrier protein (or its binding 
sites), thus representing the essential 'switch' in the 
transport reaction. Since models involving rotational 
movement of the carrier have been discarded long ago 
for basic energetic reasons, the most simple rationale 
for this conformational change is a model based on 
alternating access of the solute to the binding site at 
the protein [37,49,50]. Most of the numerous models 
proposed for the translocation event are based on this 
concept (see also Fig. 4). A variation of the general 
model postulates the partial movement of the binding 
site in the conformational change which leads to an 
alternate access from the two sides of the membrane. 

It is important for the further discussion to realize 
that, after translocation and solute release (Fig. 5), the 
carrier is in a conformational state different from that 
at the beginning [24,51]. Thus the reaction shown in 
Fig. 5 represents only half the catalytic cycle, and 
completion of the cycle needs ' return'  reactions. The 
type of return reaction defines whether the carrier will 
catalyze net transport (return in the unloaded state) or 
exchange (return in the substrate-loaded state). This 
fundamental property of carrier proteins, i.e., the fact 
that the catalytic cycle involves two ground states with 
different conformations, is the basis not only for the 
vectoriality of carrier catalysis itself, but also for vari- 
ous mechanisms of energy coupling (see below). More- 
over, this is a main difference between enzyme and 
carrier catalysis, since an enzyme is essentially in the 
ground state after release of the product(s) [36,52]. 

Since knowledge about the contribution of sub- 
strate-protein interactions to carrier function is impor- 
tant for the topics discussed below, a current view of 
carrier catalysis in energetic terms will be briefly out- 
lined. A basic principle is the utilization of binding 
energy in carrier catalysis [24,36,44]. The free energy 
profile for carrier-catalyzed reactions was shown in Fig. 
2. The intrinsic binding energy (favorable carrier-sub- 
strate interaction) is not expressed, but is 'stored'  as 
conformational energy in the carrier protein, thus low- 
ering the energy of the transition state. This leads to a 
smooth energy profile of the reaction [24,36,44], and 
thus to reasonable transport rates. The substrate only 
fits poorly to the active site in both ground states [24]. 
Thus, the energy realized in the binding step is small. 
Strong binding would be disadvantageous since it would 
trap the substrate in an unproductive state. The sub- 
strate, on the other hand, strongly binds to the carrier 
in the transition state. The active site will therefore be 
very 'substrate-like' in the transition state, in contrast 
to the two ground states (outward or inward facing, 
respectively). By this mechanism, the intrinsic binding 
energy is utilized to stabilize the transition state 
[24,44,53]. Consequently, good substrates are discrimi- 

nated from poor ones in general not by differential 
binding to the ground state, but by interaction in the 
transition state. Thus, carrier proteins often express 
their specificity for different substrates by different 
transport rates (Vm~ x) and not by different half-satura- 
tion constants (K  m or K t) [53,54]. Another  conse- 
quence is the fact that, in contrast to enzymes, good 
transport inhibitors will often be not closely related to 
the respective transport solute, since they should fit the 
ground state of the carrier protein thus leading to an 
energetic trap. 

The energy profiles for primary carrier mechanisms 
are significantly more complicated; they have been 
extensively reviewed [16,27,36,44,55,56]. The concept of 
utilizing binding energy, which was in fact first de- 
scribed for that type of reaction [36,44], is the central 
aspect. The basic principles will be briefly outlined by 
one of the best studied examples, i.e., ATPase systems. 
These types of transport system are coupled to ATP 
synthesis or hydrolysis, i.e., to a chemical reaction with 
a large difference in free energy which is practically 
irreversible in solution. In order to render this reaction 
reversible, it is essential that this difference in free 
energy is not realized for the nucleotide bound to the 
enzyme. The difference between the large free energy 
of ATP hydrolysis in solution and that at the active site 
of the car r ier /enzyme (the interaction energy) is caused 
by strong binding of ATP, but not of the products ADP 
and phosphate. It is essential that intermediates with 
very low or very high free energy are avoided, other- 
ways the reaction will not occur at reasonable rates. 
Similar considerations are valid for ATPases which 
form awl-phosphate intermediates during catalysis. 
Again, the formation of an acyl phosphate is highly 
endergonic in solution. Phosphate, however, is tightly 
bound to the Ca2+-ATPase, leading to an equilibrium 
constant close to unity for the synthesis (and hydroly- 
sis) of an awl-phosphate from the free carrier protein 
and free phosphate. 

In primary systems like those mentioned above, the 
situation is of course largely different from secondary 
systems. The conformational changes of the 'carrier 
domain' of primary systems and the change in affinity 
of solute binding are, in contrast to secondary systems, 
induced by the input of energy (from light or ATP) 
other than the binding energy of the transported so- 
lute. Nevertheless, the basic mechanistical concept with 
respect to the function of the 'carrier domain' of these 
primary systems is identical to that of the other carri- 
ers. Taking this restriction into account, the above 
mentioned example of primary carriers is well suited to 
emphasize that one central question in carrier catalysis 
is the coupling of one (exergonic) reaction to another 
(endergonic) one. In many types of carrier systems, 
most obvious in the case of the primary type, the flux 
of a certain solute is coupled to some kind of 'energy 
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input'. The carrier is therefore able to concentrate 
solutes on one side of the membrane, a process essen- 
tial for all living cells. As discussed above, this energy 
input may be provided by an exergonic chemical (or 
photochemical) reaction or by the electrochemical po- 
tential of another solute, or by the membrane poten- 
tial. It is obvious that different mechanisms for cou- 
pling must exist, with respect to whether chemical 
reactions are involved or whether simply two fluxes of 
solutes are coupled together. Whenever one of the 
reactions proceeds without the concomitant function- 
ing of the other, the transport system will be uncou- 
pled. These events will be discussed in detail in Section 
6. 

3.2. Classification of  transport processes 

Transport processes can be classified according to 
structural, kinetic, or energetic aspects. The concept 
introduced by Mitchell [57], based on the utilization of 
energy sources for transport, is now widely accepted. 

(I) In primary transport the vectorial reaction of 
solute translocation is directly coupled to some kind of 
chemical or photochemical reaction. Primary transport 
systems thus directly convert light or chemical energy 
into electrochemical energy, i.e., the electrochemical 
potential of a given solute. This class of transport 
systems is relatively heterogeneous: photosynthetic 
electron transport and the ion pumps bacterio- 
rhodopsin and halorhodopsin are light-driven, the res- 
piratory electron chains utilize redox energy, several 
different systems are driven by the chemical energy of 
ATP, finally some sodium pumps utilize the chemical 
energy of a decarboxylation reaction. 

(II) The only driving force in secondary transport is 
the electrochemical energy of a given solute. This en- 
ergy is utilized to drive the uphill transport of another 
solute, i.e., against its own concentration gradient. This 
is achieved, depending on the direction of the electro- 
chemical gradients, either by cotransport (symport) or 
by countertransport (antiport) of the driving and the 
driven ion. Because of the similarity in energy depend- 
ence and mechanism, also carrier-mediated unidirec- 
tional transport simply driven by its own electrochemi- 
cal gradient is classified as secondary transport (uni- 
port). Since symport and antiport may lead to uphill 
transport of the driven ion, they have been classified as 
'secondary active'. However, this designation should 
not be used since the process is not intrinsically active. 
On the other hand, secondary uniport is often named 
'facilitated diffusion'. This name is also misleading 
because a carrier catalyzed transport event is different 
in principle from the mechanism of diffusion. 

( l id  Group translocation differs from all other 
mechanisms by the fact that the transported solute 
becomes chemically modified during translocation. The 

only characterized systems catalyzing group transloca- 
tion are the phosphoenolpyruvate : sugar phosphotrans- 
ferase systems (PTS) in bacteria. From the energetic 
point of view, they are closely related to primary trans- 
port. 

(IV) For comparison and discrimination, transport 
mediated by channels will also be mentioned to some 
extent. It is not always easy to discriminate between 
the different mechanisms (carriers, channels, pores) by 
which the flux of solutes through membranes is medi- 
ated (see Section 5). 

In thermodynamic terms, a given carrier system un- 
der steady-state conditions should equilibrate the 
chemical/electrochemical potential of the driving force 
with that of the driven solute. In most primary trans- 
port systems the Gibbs free energy of the energy source 
is highly negative. This should lead to high electro- 
chemical potentials and concentration gradients of the 
transported solute. Because of inherent leaks and slips 
(see 6.4 and 6.5) in the membrane as well as the carrier 
protein itself, the driving forces are often far from 
being in equilibrium with the electrochemical potential 
of the driven ion. In secondary transport, on the other 
hand, the driving forces are in general much smaller. 
The driving force of secondary transport consists of 
two components, the chemical and the electrical part. 
The former includes the chemical gradient of the so- 
lute (A /Zsolute/F ) and of the coupling ion (A /Zion/F), 
which in the case of H + coupled secondary transport 
means Z ApH (F represents the Faraday constant and 
Z = 2.3 RT/F) .  The latter, the electrical part, includes 
the contribution of the membrane potential if solute 
and/or  coupling ion are charged. The different driving 
forces, as listed above, must of course be multiplied 
according to the transport stoichiometry and the num- 
ber of individual charges. Solutes with different charges, 
both in sign and number, as well as different numbers 
of solute molecules per carrier protein are transported. 
Since these variations have to be considered for uni- 
port, symport and antiport, the list of possible contri- 
butions to various driving forces is immense. Energy 
coupling in secondary transport in general and selected 
aspects of this field have been extensively treated in 
many reviews and books [16,35,41,42,58-63]. 

3.3. Structural basis 

Major efforts in investigating carrier systems are 
currently focused on structural aspects. Consequently, 
this has been extensively described in many reviews 
[e.g., 7,8,10-12,64-67]. In order to appropriately con- 
nect the functional aspects to knowledge of carrier 
structure, a brief outline of the current view will be 
given here. In recent years, a common motif for many, 
perhaps all, transport systems has been revealed (see 
Section 1). Irrespective of the wide variety in function 
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Fig. 6. A general model of a carrier protein of the 12-transmem- 
brane-helix family [6,7]. 

and irrespective of whether the membraneous part of 
the carrier systems consists of a dimer (e.g., mitochon- 
drial carrier proteins, some binding protein dependent 
systems, PTS systems), a monomer (e.g., most sec- 
ondary carriers), or even only a domain within a com- 
plex protein structure (some PTS systems, P-type ATP- 
ases), protein structures responsible for membrane 
transport in general seem to be constructed of an array 
of about 12 (6 + 6) transmembrane segments (Fig. 6). 
This structural paradigm is best conserved in the large 
class of secondary carriers [7,8,10,12,64,68,69] which 
show similar structural properties, irrespective of 
whether they function as uniporters (facilitators), as 
symport, or as antiport systems. Within this class of 
transporters, based on sophisticated sequence compari- 
son, further structural superfamilies have recently been 
identified [8,12,65-67,70]. 

Two general elements seem to be involved in this 
common structural theme [6,7]: the motif of about 12 
transmembrane segments and the dimeric construction 
(true dimer or two intrinsically distinguishable halves 
of the protein). The latter motif has further been 
corroborated by experiments where carrier proteins 
have been cut into predicted segments by genetic 
methods [71-74]. When expressed properly, the indi- 
vidual halves obviously combine within the membrane 
into functional units. It has been argued that an 
oligimeric (dimeric) structure might in principle be 
advantageous for the catalytic function in transport 
[75,76]. Although many carriers actually function as 
monomers [7,77], these monomers may have a particu- 
lar structure which corresponds to the action as a 
functional dimer (Fig. 6). 

It should be noted that, besides this large family, 
there are further common structural principles in pro- 
teins which mediate transport. These principles may be 
closely related, e.g., the pattern observed for eukary- 
otic plasma membrane ion channels showing again 
multiples of (about) six transmembrane segments 
[7,12,78,79], or the related structural concept as de- 
tected in some receptors and channels [7,70]. On the 
other hand, completely different motifs are also found, 
e.g., the barrel structure formed of multiple /3-sheets 

which is the structural principle of pore proteins from 
the outer membrane of bacteria or mitochondria 
[31,33,80,81]. 

4. Tracing the solute: the pathway through the carrier 

Whatever the molecular mechanism of transport 
may be, the solute has to cross the membrane barrier. 
With the exception of some small (e.g., gases, ethanol, 
water) or hydrophobic (e.g., alkanes, uncouplers) sub- 
stances, this process necessarily involves proteins. In 
principle, two possible pathways for a solute can be 
imagined: either through the proteinaceous part of the 
carrier/ channel or along the protein/lipid interface. 
Although the latter pathway has been discussed for 
particular cases [82], there is no indication that it is a 
common mode of solute flux. This alternative will not 
be considered here. 

Numerous models describing the movement of a 
substrate through a carrier protein, as well as concep- 
tions for operational parts to be involved in the vecto- 
rial reaction (gates, selectivity filters, binding sites, 
intrinsic channels, energy barriers etc.), have been sug- 
gested. The question is whether this reflects a variety 
of possible mechanisms or simply the lack of knowl- 
edge of the true mechanism. The current view of the 
construction principles of such solute pathways and 
their individual elements will be discussed in this sec- 
tion with selected examples. 

4.1. A primary carrier with defined solute pathway: bac- 
teriorhodopsin and halorhodopsin 

The two retinal proteins from halobacteria, bac- 
teriorhodopsin (BR) and halorhodopsin (HR), are 
light-driven proton and chloride pumps, respectively 
[83-89]. The retinal moiety is bound to a lysine residue 
(lysine-216 in BR) via a protonated Schiff base. The 26 
kDa proteins contain 7 transmembrane helices and 
belong to the above mentioned structural family [90]. A 
model of the three-dimensional structure has recently 
been obtained by electron diffraction [30]. The seven 
helices are arranged in a circular manner, four of them 
mainly contributing to the formation of a transmem- 
brane channel. The Schiff base is located approxi- 
mately in the middle of this pathway, at an equal 
distance from the two surfaces. It separates the trans- 
membrane channel into an extracellular and an intra- 
cellular part (see Fig. 7). The primary structure of HR 
is very similar to that of BR, which is also true of its 
topology in the membrane [83,84,88,91]. The physio- 
logical significance of these ion pumps is either genera- 
tion of an electrochemical proton potential by proton 
ejection (BR), or osmotic balancing by inward pumping 
of chloride ions (HR). 
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Fig. 7. Model of the substrate (H ÷) pathway across the bacterio- 
rhodopsin molecule (modified from [89] with permission). The puta- 
tive H+-pathway is indicated by the broken line. The retinal molecule, 
fixed to lysine 216 by a Schiff base, is shown in the middle of the 
pathway. The residues asp96, asp85 and arg82, are all located in 
helix C, whereas lys 216 and glu212 belong to helix G. The reactions 
involving the catalytic cycle are described in the text. 

Upon photon absorption, the retinal moiety (proto- 
hated Schiff base) isomerizes around the double bond 
at C13/C14. The photoisomerization is thermally re- 
versible, during reisomerization the chromoprotein un- 
dergoes several distinct steps (photocycle). In BR, the 
photoisomerization leads to the deprotonation of the 
Schiff base, followed by reprotonation and reisomeriza- 
tion. Obviously, the simple deprotonation/reprotona- 
tion cycle alone would not lead to the vectorial move- 
ment of protons. In order to function as a carrier, 
additional construction principles had to be developed 
(see below). The release of protons should take place 
only at the extracellular side and, vice versa, uptake is 
allowed only from the cytoplasmic side. In BR, this key 
concept is realized by a crucial 'switch' determining the 
vectoriality of the proton movement. The molecular 
explanation for this 'switch' is the rearrangement cor- 
related to the cis-trans isomerization. Upon isomeriza- 
tion of the retinal, not only is the nitrogen of the Schiff 
base and the retinal moved, but the carbon chain of 
lysine-216 and the complete protein moiety also un- 
dergo conformational changes [88,89,92-94]. 

Although a defined spatial rearrangement corre- 
lated to the protonation/deprotonation event has thus 
been established, this construction is still not sufficient 
to provide vectorial proton movement. It is essential 
that the protons released after photoisomerization take 

a different pathway (to the extracellular side) as com- 
pared to that of the protons accepted (from the cy- 
tosol) in the thermal reisomerization. This fundamen- 
tal principle of carrier function has been convincingly 
demonstrated for BR by recent investigations, based 
on biochemical and biophysical data from many labora- 
tories including mutational studies [88,89,94,95]. In ac- 
cordance with the location of the retinal halfway 
through the protein moiety, the proton pathway is 
divided into two halves. That part of the channel which 
connects the Schiff base to the cytosol (donor side) 
contains an important aspartate residue (asp-96) which 
delivers a proton to the deprotonated Schiff base. Also 
in the extracellular part of the channel (acceptor side) 
important residues (asp-85, possibly also arg-82 and 
asp-212) have been determined, asp 85 being the pri- 
mary acceptor of the proton released from the Schiff 
base [96-102]. The probability of back reactions (H ÷ 
donation to asp-85 or H ÷ acceptance from asp-96) 
must be kept very low by an additional step within the 
reaction cycle. This is provided by the fact that the 
Schiff base changes its pK value dramatically in the 
catalytic cycle [93,103,104] from below 3.5 (donating 
H ÷ to asp-85) to above 10 (accepting H ÷ from asp-96). 
This 'switch' step is correlated to major conformational 
changes in the retinal and the protein moiety of BR 
[88,92-94]. 

Although the events occurring during the reaction 
cycle of BR are most conveniently described by starting 
with absorption of the photon, they can be equally well 
ordered in a sequence of events by analogy to other 
carrier mechanisms as follows [88] (Fig. 7). (1) Binding 
step: a proton enters the entry access pathway (moving 
along so far undefined residues) and binds to asp-96 
(high pK). (2) Translocation step: (2a) the retinal cap- 
tures a photon and undergoes trans to cis isomeriza- 
tion. (2b) The Schiff base protonates asp-85 in the exit 
pathway. (2c) The Schiff base changes from low to high 
pK. (2d) The Schiff base becomes reprotonated from 
asp-96 of the entry pathway. (2e) The Schiff base 
reisomerizes to the trans state. (3) Release step: the 
proton delivered to asp-85 (low pK)  moves along other 
residues, possibly arg-82, and is released to the extra- 
cellular side. 

In this scheme, several essential steps of this pri- 
mary pump could possibly serve as a paradigm for 
other carriers, at least for primary transport. First, 
there are defined entry and exit pathways for the 
transported molecule. Second, the process is triggered 
by a crucial switch of the 'substrate (proton) binding 
site', correlated to a major conformational change of 
the protein. In this step, the solute does not move 
significantly within the protein. Third, besides the two 
steps of solute transfer to and from the intrinsic bind- 
ing site (the Schiff base), the crucial third step consists 
of a change in the binding properties of this site (which 
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in the case of BR is irreversible), accompanied by a 
conformational change of the protein. In fact, BR is 
the only case where the molecular mechanism of a 
carrier protein has been elucidated to this extent. This 
was mainly possible due to the fact that various cat- 
alytic steps are correlated to spectral changes, by which 
particular events as measured by biochemical and bio- 
physical methods could be correlated both spatially 
and in time. 

A fascinating extension of this concept has recently 
been provided by comparative studies of BR with the 
second ion pump in halobacteria, i.e., halorhodopsin 
(HR). Besides many similarities (see above), the chlo- 
ride pump HR mainly differs from BR in lacking 
reversible protonation and in having specific anion 
binding sites with changing affinity instead of proton 
binding sites. It transports chloride in the inward direc- 
tion, in contrast to the movement of protons in BR. 
Interesting variations have now been introduced. If BR 
is altered by site-directed mutagenesis in lacking both 
the proton donor (asp-96) and acceptor (asp-85) 
[88,105], the molecular mechanism becomes similar to 
that of HR. On the other hand, by a particular experi- 
mental design involving the addition of hydrazoic acid 
as an artificial proton donor and specific radiation 
conditions, HR transports protons in the opposite di- 
rection to that observed in BR [88,106]. This demon- 
strates that the construction of a molecular machine 
converting light energy into vectorial ion movement is 
in principle a multipurpose device which can be modi- 
fied for very different uses (ejection of protons vs. 
active uptake of chloride) by minor structural alter- 
ations. 

4.2. The lactose carrier from E. coli and related systems: 
combination of kinetics and molecular biology 

Whenever the structure-function relationship of sec- 
ondary carriers is discussed, a particular example is 
inevitably recalled: the /3-galactoside:H + symport car- 
rier from E. coli, also called lactose permease (LacY). 
Lacy is well-studied with respect to functional proper- 
ties [3-5,107-116] and it is, together with the H + 
pump bacteriorhodopsin, undoubtedly the carrier 
where the most extensive mutational analysis has been 
carried out. It is thus an example well-suited for dis- 
cussing the benefits and limitations of mutational anal- 
ysis to resolve carrier function. 

LacY catalyzes transport of a variety of galactosides 
together with one proton. The model of the secondary 
structure and membrane topology is based on data 
from many different methods including sequence pre- 
diction, spectroscopy, proteolysis, chemical modifica- 
tion, and immunological studies [for review see 5,117]. 
It has recently been refined by a series of phoA-fu- 
sions, confirming the motif of 12 transmembrane seg- 
ments [118]. 

A simplified kinetic model of LacY is shown in Fig. 
lB. The binding sequence at the outside (first H +, 
second lactose) has been established, whereas it is not 
known at the cytoplasmic side [111,119,120]. The 
ternary carrier-lactose-H + complex and the unloaded 
carrier isomerize in the translocation steps. Three dif- 
ferent modes of lactose transport are commonly used 
for functional characterization: H +-coupled lactose up- 
take against a lactose gradient, H+-coupled lactose 
effiux along the lactose gradient (zero trans experi- 
ment), and equilibrium exchange (labeled lactose out- 
side against unlabeled lactose inside). In both uptake 
and effiux the complete catalytic cycle of the carrier 
(steps 1-6 in Fig. 1B) is involved, whereas for equilib- 
rium exchange only steps 2-4 are needed. The mem- 
brane potential affects only uptake and effiux, but not 
exchange. It was thus concluded that only reorientation 
of the unloaded carrier is influenced by the membrane 
potential. Consequently, reorientation of the unloaded 
carrier is supposed to translocate one negative charge. 
The influence of H+-binding and pH-gradient is com- 
plicated. Based on the pH-dependence of and solvent 
deuterium effects on lactose transport, it was con- 
cluded that H+-binding/dissociation steps may be 
rate-limiting in the absence of electrical potential and 
pH-gradient [111]. In fact, the situation is even more 
complicated since it has been shown that there are two 
kinetically distinguishable substrate binding sites 
[121,122], a catalytically active one with low and a 
regulatory one with high affinity. Consequently, bipha- 
sic transport kinetics have been measured [111,115, 
123,124]. Although the inhibition of effiux by an in- 
crease in external H+-concentration could simply be 
explained by kinetic trans inhibition [111,112], addi- 
tional (regulatory) sites may also be involved in this 
case. 

This picture should be kept in mind when summariz- 
ing the studies aimed at localizing substrate binding 
sites and identifying the pathway of the substrate(s). 
Several groups have contributed to this work and dif- 
ferent strategies have been employed. On the one 
hand, mutants have been selected showing altered sub- 
strate recognition [125-128] or resistance to toxic sub- 
strate analogs [129]. On the other hand, more than 200 
site-directed mutants have been constructed [5,130]. 

The mutational approach was triggered by former 
results on the effect of chemical modification of partic- 
ular amino acids on carrier function. In spite of the 
fact that LacY is inhibited by SH-reagents in a sub- 
strate-protectable manner [131,132], LacY is still active 
when each of its 8 cysteines has been changed [133]. 
The same holds true for the replacement of proline 
residues, although proline is supposed to have an im- 
portant influence on the secondary structure of pro- 
teins [134-136]. On the other hand, replacement of his 
and glu had severe effects on LacY function. Based on 
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these studies, three neighboring amino acids, i.e., his- 
322, glu-325, and arg-302, have been interpreted in 
terms of an H ÷ charge-relay mechanism, a motif which 
was discovered in serine type proteases [137,138]. By 
analogy to this, arg and glu are supposed to transfer 
protons to the his residue [139-144]. Defects in partic- 
ular transport modes of LacY as observed in mutants 
of the putative charge-relay system were interpreted in 
the following way. In his-322 or arg-302 mutants all 
transport modes involving protonation or deprotona- 
tion are blocked, thus step 1 in the cycle obviously does 
not function (Fig. 1B). When glu-325 is replaced, de- 
protonation in step 4 is defective. Similar effects on 
proton coupling and transport function by mutations of 
histidine residues have been observed in related carrier 
proteins, e.g., the lactose carrier from Streptococcus 
thermophilus [62,145] or the tetracycline carrier from 
E. coli [146]. There  is a body of evidence, however, 
which questions the significance of these findings, both 
in general for this motif as a model of a proton 
pathway in carriers and in particular for LacY. Carriers 
of the same subfamily [8], e.g., the sucrose:H + sym- 
porter  from E. coli, lack this motif. In the melibiose 
carrier of E. coli (MelB), which uses H +, Na +, or Li + 
as coupling ions (see 6.5), no such histidine has been 
found. Only one of the histidines in MelB proved to be 
important, however, since replacement with arginine 
changed the expression and stability of MelB but not 
its catalytic activity [147,148]. Further  evidence against 
the a rg /g lu /h i s  motif being the proton pathway in 
L a c y  came from mutants where his-322 has been re- 
placed by tyrosine [149,150] or by aparagine [151]. In 
these mutants, both binding and translocation of H + 
coupled to galactosides can be observed. Furthermore,  
a double mutant with the substitution of ala-177 and 
his-322 catalyzes proton-coupled lactose influx [152]. 
So far, the only conclusion which may be drawn is that 
this histidine seems to be at least important for sugar 
recognition a n d / o r  accumulation. 

The function of MelB furthermore raises another 
problem, i.e., that of the equivalence of protons to 
other monovalent cations. This question will be dis- 
cussed in more detail in connection with the F~F o 
ATPase (4.4). It is clear that in thermodynamic terms 
there is no significant difference between the move- 
ment of H ÷ and Na ÷, and cation binding sites can 
accomplish the binding of both ions. In fact, several 
observations argue for H + and Na + being transported 
on the same pathway in MelB. (i) H ÷ and Na ÷ mutu- 
ally compete in transport coupled to melibiose and (ii) 
mutants exist in which the alteration of a single amino 
acid changes the specificity for the coupling ion [153- 
157]. It is obvious, however, that a charge-relay system 
cannot function in the same way in transporting Na +- 
ions. 

Fortunately, identification of the sugar binding site 
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Fig. 8. Structural model of the lactose permease from E. coli, based 
on refs. [161,163,164]. The position of those amino acids mentioned 
in the text in connection with the substrate pathway (Section 4.2) or 
the mechanism of energy coupling (6.5) are indicated in the model. 

seems to be somewhat clearer. A vast number of single, 
double, and even triple mutants of LacY with altered 
substrate specificity have been obtained or constructed. 
Most importantly, the amino acids which seemed to be 
important for substrate specificity were restricted to a 
few (only about 8) positions. A change in sugar speci- 
ficity, however, does not necessarily mean that the 
amino acid residue responsible for this change must be 
located in the substrate binding site (cf. discussion in 
6.5). A conformational effect on the binding site could 
lead to the same result. Nevertheless, the low number 
of mutations causing specific changes and the fact that 
most of these mutations affect amino acids in a rela- 
tively limited area (core area of putative helices VII to 
X, see Fig. 8), argues in favor of these residues being 
directly involved in substrate recognition. By using 
similar strategies, amino acid residues responsible for 
substrate recognition in MelB have also been mapped 
[153-160]. Interestingly, also in this case a very limited 
number of mutations affect substrate binding a n d / o r  
transport in a specific way. In locating these residues in 
the topological model of the melibiose carrier, how- 
ever, no similarity to the pattern obtained for LacY is 
observed [62,154]. 

Recently, the results on the amino acids important 
in sugar recognition have been combined with investi- 
gations on the spatial arrangement of the 12 trans- 
membrane helices, e.g., by defining salt-bridges be- 
tween charged residues [161-164]. A suggestive picture 
was thus derived [62,127,163-165]. The pathway for the 
sugar molecule (and probably also for the proton) 
seems to be localized in a region between helices V (or 
VI) to X (Fig. 8). More or less all residues detected as 
essential in substrate recognition in fact face this com- 
mon 'pathway'. 

4.3. The anion carrier of  erythrocytes: identification of 
functional substructures by chemical modification 

In primary carrier systems, different steps in the 
catalytic cycle can often be correlated to the function 
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of defined substructures in different subunits (e.g., 
F1F O ATPase, see 4.4) or subdomains (e.g., sarco- 
plasmic Ca2+-ATPase, see 6.1). For secondary carriers, 
the erythrocyte anion carrier is an example where this 
correlation has reached a significant level. This has 
been achieved by the extensive use of noncovalent and 
covalent binding inhibitors and effectors, in fact more 
than 200 interacting reagents are known [166-169]. 
Although significantly improved recently [170], the 
structural characterization and definition of structure- 
function relations are nevertheless still on a relatively 
low level in molecular terms in comparison to well- 
known examples of bacterial carriers (see 4.2). In view 
of the enormous amount of contributions to the under- 
standing of this particular carrier protein from many 
different groups, mainly review articles are cited here 
with respect to the basic aspects. 

The anion carrier, also called band 3 protein after 
its identification in SDS-gels, catalyzes the exchange of 
C1- and HCO 3 across the red blood cell membrane, 
thus improving the CO2-carrying capacity of the blood. 
The glycoprotein with a molecular mass of 95 kDa is 
very abundant in the red cell and exists in different 
states of aggregation [167,171,172]. Its catalytic activity 
is extremely high, much higher than that of the other 
carriers mentioned in this review [166,167]. The anion 
carrier transports a surprisingly large number of differ- 
ent anions with widely varying rates, from small mono- 
valent anions (halides, about 5" 104 Cl- ions per sec- 
ond at 37°C), to divalent anions (e.g., sulfate, about 103 
times slower) and bulky organic anions (about 104 
times slower) [167]. The tentative secondary structure 
of the hydrophobic transport domain [167,173,174] con- 
sists of 14 transmembrane helices [175,176]. It func- 
tions in an electrically silent 1 : 1 exchange of monova- 
lent anions in ping-pong-type kinetics (Fig. 1A) [177- 
179]. This mechanism implies one single binding site 
alternatively exposed to the two sides of the membrane 
[180,181]. Consequently, if the concentration of anions 
is different on both sides or if different substrates (with 
different transfer rates) are present, a recruitment of 
binding sites is observed. Recruitment means the asym- 
metric distribution of outward- and inward-facing bind- 
ing sites, i.e., the binding sites will accumulate at the 
side where the substrate concentration is lower or 
where the substrate with the lower transfer rate is 
present. This situation is especially useful for the appli- 
cation of chemical modification to characterize differ- 
ent conformations of the protein. 

Various sites and particular amino acids have been 
identified and correlated to specific substructures by 
the application of various reversible and irreversible 
inhibitors and modifiers. About 14 different interacting 
sites including the substrate binding site have been 
listed [166]. The most intensively investigated site is 
that of stilbene disulfonate derivatives. It is accessible 

only from the extracellular side and can be recruited to 
the outside. All available data indicate that the out- 
ward-facing anion binding site is contained in the stil- 
bene disulfonate binding site. There are a number of 
chemically different inhibitors of the anion carrier 
which bind in a mutually exclusive manner with stil- 
bene disulfonates [166]. The different size of these 
inhibitors and different location of interacting groups 
provided a detailed picture of the outward-facing sub- 
strate binding site. Two different lysine and several 
arginine residues are directly involved in substrate 
binding and in translocation [166,167]. In addition to 
specific interaction, the cluster of positively charged 
groups leads to changes in the electrostatic field and 
local pH, thereby attracting anions. 

A long list of amino acids has been defined as 
important for anion binding or transport or related to 
the binding site by Conformational interaction 
[166,167,182-184]. In addition, site-directed mutagene- 
sis has recently been successfully employed to explore 
the substrate pathway. As with the lactose carrier in E. 
coli (4.2), specific functional properties could in gen- 
eral not be attributed to particular amino acids [185], 
since direct functional and conformational effects are 
not easy to separate. Nevertheless, lysine residues in 
the putative hydrophilic access channel have been 
identified by mutational analysis [185,186]. These 
residues not only define the access pathway of the 
substrate anions, but at least one of them is linked to 
the substrate binding site by conformational interac- 
tion. This demonstrates the complications which fre- 
quently arise in such modification studies, i.e., that the 
susceptibility to chemical modification of one site de- 
pends on the conformational state (in this case occu- 
pancy with substrate) of a second site. 

Two examples will be mentioned to exemplify the 
usefulness of the chemical approach in identifying 
residues with particular importance for catalytic steps. 
The interaction of stilbene disulfonates and pyridox- 
alphosphate (two substrates of the anion carrier trans- 
ported extremely slowly) with certain external lysine 
residues triggers a conformational change in the carrier 
protein. By this rearrangement, the labeled ligand, 
previously bound from the outside, now becomes ac- 
cessible to reagents from the internal side [183,187]. 
This study again demonstrates a common carrier mech- 
anism [183]. After opening the external hydrophilic 
access channel and fast electrostatic interaction with 
residues in the channel, the substrate becomes bound 
to the active site which is recruited to the outside. 
Binding then triggers the conformational change 
('switch' of the intrinsic binding site), which in turn 
opens the inner and closes the outer hydrophilic access 
channel [183,187]. 

An equally interesting picture was obtained by 
chemical modification of a particular glutamate residue 
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[188-190]. As mentioned above, the anion carrier also 
accepts sulfate. For the translocation of divalent an- 
ions, this glutamate residue must be protonated, conse- 
quently, protonation of the same group inhibits trans- 
port of monovalent anions (see also 6.6). After the 
reaction of a carboxyl group with the specific reagent 
(Woodward K) and subsequent reduction to the corre- 
sponding alcohol, the carrier behaves as if this gluta- 
mate were permanently protonated, i.e., monovalent 
anion transport is inhibited whereas that of divalent 
anions is accelerated. However, sulfate influx is no 
longer coupled to proton flux. On the other hand, 
sulfate interaction with the internal binding site can 
also be altered by modifying the carboxyl group from 
the outside. Taken together, these results demonstrate 
that this particular carboxyl group is within the central 
binding site of the anion carrier, i.e., it represents at 
least part of the permeability barrier which can be 
contacted from the external and from the internal side 
in the alternative conformations of the protein. 

These investigations on the erythrocyte anion carrier 
are valuable arguments for a decision between two 
possible models of the permeability barrier in the path- 
way of the substrate [167]. On the one hand, the 'thick 
barrier' model postulates a 'zipper-like' array of pair 
charges which are thought to be broken and reformed 
during the passage of the substrate through the trans- 
port pathway. On the other hand, the 'thin-barrier' 
model postulates that the major portion of the trans- 
port pathway allows free access of the substrate to the 
thin permeability barrier which changes its position 
during translocation. The latter model exactly reflects 
the situation described for bacteriorhodopsin (see 4.1). 
Also in the case of the anion carrier, the majority of 
the results, some of them mentioned above, tend to- 
wards the direction of a thin barrier. 

As mentioned above, the anion carrier accepts very 
different substrates. Interestingly, the substrate speci- 
ficity is mainly expressed in transport rates which differ 
by more than six orders of magnitude [183]. Thus the 
anion carrier is a classic example of the statement that 
the basis for selectivity is not simply the size of the 
substrates passing through the access channel or their 
interaction with so-called 'selectivity filters', but pre- 
sumably their ability to stabilize the transition state of 
the carrier by the utilization of binding energy [36,191]. 
The different ability to form the appropriate transition 
state is expressed in different transport rates according 
to the different ability to transform the carrier from an 
immobile into a mobile state. 

Another important feature of carrier processes, 
which has been extensively studied in the case of the 
anion carrier, is the occurrence of reactions other than 
that of the 'normal' catalytic cycle of a carrier, namely 
leaks, slips and tunneling events [192-194]. The impor- 

tance of slippage in carrier mechanism is discussed in 
more detail in Sections 6.4 and 6.5. 

4.4. Are protons special substrates?: The FIF o ATPase, 
the uncoupling protein and other H +-conducting carriers 

Whether protons are special transport substrates 
differing from other ions is an old question in carrier 
biochemistry. In fact, the abundance of H ÷ binding 
sites in proteins and the versatility of possible modes 
by which protons can pass through a protein represent 
a special problem in ion translocation [37]. This has led 
to various hypotheses on the mechanism of H + translo- 
cation, including the so-called 'proton wire' of proton 
conductance channels [195,196]. Proton transport is 
involved in many transport systems, and one of the 
examples where questions concerning the mechanism 
of proton translocation has been discussed extensively 
is the FIF o ATPase. This discussion is, of course, 
related to the discrimination of carriers and channels 
which will be treated in Section 5. 

The FIF o ATPase is a multisubunit complex consist- 
ing of the hydrophilic F I part and the membrane-em- 
bedded F o part [197-202]. The F 1 part contains several 
nucleotide binding sites with strong cooperativity. 
Mitochondrial and chloroplast enzymes, due to kinetic 
reasons, mainly function in the direction of ATP syn- 
thesis, whereas bacterial enzymes in general catalyze 
both directions equally well [203]. Several mechanisms 
have been suggested for ATP synthesis, the most widely 
accepted being the 'binding change' or 'alternating 
site' model with three interacting catalytic sites [204- 
206]. According to the principles of utilization of bind- 
ing energy (Section 3), ADP and Pi bind strongly to the 
enzyme. Whereas the formation of ATP at the binding 
site does not involve a significant change in free en- 
ergy, the main energy-consuming step is the release of 
bound ATP [204,207]. The detailed mechanism of ATP 
synthesis is not fully understood, and this is even more 
true of the mechanism of energy transduction from the 
electrochemical H + gradient to force the release of 
ATP from the enzyme. The crucial point of interest 
here is the question of how these protons are trans- 
ported through the F o part. This also refers to the old 
problem of direct vs. indirect coupling. Direct coupling 
means that the protons transported through F o are 
(directly) involved in the chemical reaction of ATP 
synthesis, as originally suggested [208]. A mechanism of 
indirect coupling, on the other hand, assumes that H + 
translocation induces a conformational change in the 
whole enzyme including the F~ part thereby providing 
the catalytic energy for the chemical reaction. Whereas 
most experimental evidence supports an indirect cou- 
pling, i.e., by long-range conformational changes 
[201,205,209-211], the mechanism of proton transloca- 
tion through F o is still under debate. 
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The Fo part of the FIF O ATPase typically consists of 
three subunits a, b and c with a stoichiometry of 
1 : 1 : 10 + 1 (E.  coli ATPase) [212]. Covalent reaction 
of dicyclohexylcarbodiimide (DCCD) with one crucial 
carboxylic side chain (asp or glu) in subunit c blocks 
proton translocation through F o and coupled ATP syn- 
thesis/hydrolysis in F 1. Since direct coupling is un- 
likely, the proton pathway does not necessarily need to 
traverse F1. The observed coupling stoichiometry of 
FIF o ATPases is 3 H + / A T P .  The maximum rate of 
ATP synthesis by the chloroplast enzyme is about 
100-1000 s -1 [213]. The proton transfer rates which 
are observed for Fo, either after stripping off F 1 from 
F~Fo, or after isolation and reconstitution, vary widely. 
In the E. coli enzyme, rates of 6-20 H ÷- s -1 • Fo -1 [214] 
were observed, which are comparable to those mea- 
sured in the mitochondrial ATPase. On the other 
hand, evidence has been provided that after removal of 
F~, the remaining F o part of the chloroplast ATPase 
acts as a proton channel, with translocation rates of up 
to 10 6 H +" s - 1 '  Fo 1 [215-217]. 

In spite of attractive models of an H ÷ conductive 
pathway through F o and the observations of channel- 
type H ÷ flux in F o isolated from chloroplasts, there is 
now convincing evidence that protons are translocated 
through Fo by a carrier-type mechanism. It can be 
shown both with respect to activity and selectivity that 
a channel-type 'water wire', like that observed in gram- 
icidin cannot account for proton translocation in Fo 
[218]. Several observations argue further for a carrier- 
type mechanism. Under particular conditions, a slip- 
type of H ÷ translocation (i.e., proton transport uncou- 
pled from ATP synthesis/hydrolysis) can be induced in 
F1F o ATPases [reviewed in 219], this mode is indicative 
of carrier mechanisms. Additionally, proton binding 
groups with very high cooperativity have been detected 
[62,220]. This finding can be interpreted in terms of 
Mitchell's concept of a proton well within F o [34]. It 
may be possible that the above mentioned findings 
indicating a channel-type function of the F o subunit of 
the chloroplast ATPase were caused by the isolation 
procedure leading to a portion of severely 'distorted' F o 
with altered conduction properties. 

Possibly the most convincing evidence for a carrier- 
type mechanism comes from studies with the FiFo-type 
ATPase from Propiogenium modes tum [221-223]. This 
bacterium establishes a primary Na+-gradient by 
decarboxylation coupled to Na + transport (see also 
Section 7). ATP synthesis is then catalyzed by an 
Na+-dependent  FiFo-type ATPase. The Na ÷ binding 
site is located in the F o part of the enzyme as shown by 
the construction of hybrids from the E. coli F 1 and P. 
modes tum Fo, which act as an Na ÷ pump [224]. It has 
furthermore been shown by in vivo complementation of 
an E. coli deletion mutant that the 'normal '  F l U  o 

ATPases coupled to protons and the P. modes tum 

ATPase are obviously very similar [225]. The striking 
point is now that at low Na + concentrations ( <  1 mM) 
the P. modes tum ATPase functions as an H + pump 
[226]. Thus F o can translocate both Na ÷ and H ÷, which 
is much easier to reconcile when considering hydro- 
nium ions ( H 3 0  +) instead of protons since the size of 
hydronium ions is very similar to Na ÷ [227]. These 
findings argue against some of the models mentioned 
above, since Na ÷ cannot be transported in conductive 
mechanisms as has been discussed for protons. Recent 
results have confirmed a carrier-type mechanism for 
the P. modes tum ATPase. It was shown that F o be- 
haves asymmetrically with respect to ion translocation, 
that different driving forces (membrane potential and 
Na+-gradient) are not equivalent and, most impor- 
tantly, that Fo-catalyzes Na ÷ counterflow [223,228]. This 
is generally accepted proof of a carrier mechanism. 
Taken together, these results exclude a channel-type 
mechanism for ion (Na ÷ and presumably H3 O+) 
translocation in the P. modes tum ATPase and most 
probably also in the closely related FiFo-type ATPases 
from other sources. This, of course, does not rule out 
the presence of putative access channels to the respec- 
tive ion binding sites in the interior of Fo, however, 
also in these channels ions must be transported in a 
way which can accommodate for both H ÷ and Na÷. 

Several examples have been mentioned where H ÷ 
binding sites have been identified in carrier proteins, 
e.g., bacteriorhodopsin, the erythrocyte anion carrier 
and also the lactose permease and related transporters. 
Finally, the presence of fixed binding sites for protons 
instead of a conductive pathway will be briefly exempli- 
fied by another type of proton translocator, the uncou- 
pling protein (UCP) from brown fat mitochondria. UCP 
converts the electrochemical proton potential gener- 
ated by mitochondria in brown adipose tissue into heat 
by recycling the ejected protons [229-233]. In spite of 
the different ions to be transported, UCP is clearly a 
member of the structural family of mitochondrial anion 
carriers (see 6.5) [234]. H÷-translocation by UCP is 
regulated by various parameters including pH and the 
inhibitory action of purine nucleotides [229,235-238]. 
In addition to protons, UCP was also found to trans- 
port CI-  [229,230,239-241], which was taken as an 
indication that the actual transported substrate is the 
O H - i o n  [230]. 

A striking property of H ÷ transport by UCP is the 
activation by free fatty acids. Since the discovery of this 
dependence [236,238], several hypotheses have been 
put forward to explain the effect of free fatty acids and 
related hydrophobic anions on UCP activity, including 
a postulated role as transport substrates [240,242]. An 
interesting alternative model has been recently pre- 
sented [243]. It is based on observations with respect to 
modulation of the pH-dependence of H ÷ translocation 
by fatty acids and the lack of this modulation in the 
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case of Cl--transport. The model furthermore over- 
comes the problem of the extremely low substrate 
concentration (below 1 /xM!). The carboxyl groups of 
specifically bound fatty acids are taken to function as 
'prosthetic' groups, donating and accepting protons 
from a central H + binding site with alternative access 
from the exterior and the interior. This model would 
again also mean 'classic' carrier-type transport for pro- 
tons. It furthermore resembles the functional model 
derived for bacteriorhodopsin including proton donor 
and acceptor sites. The obvious difference between 
these two systems is the presence of an active, light- 
driven 'switch' in the retinal and in the protein moiety 
of bacteriorhodopsin, whereas this conformational 
change is passively triggered by occupation of the re- 
spective binding sites in the UCP. 

4.5. Diuersity of translocation pathways from protons to 
ATP: The mitochondrial carrier family 

The mitochondrial carriers, mainly catalyzing the 
transport of anions between the mitochondrial matrix 
and the cytosol of eukaryotic cells, form a family char- 
acterized by a close structural relationship [234,244- 
247]. They function as dimers, consisting of two identi- 
cal subunits with 6 transmembrane segments each. 
Although thus adding up to the 'canonical' 12 trans- 
membrane segment motif family (see Section 3), struc- 
tural arguments have been put forward indicating that 
the mitochondrial carriers in fact represent a family of 
transporters of independent evolutionary origin [66]. 
Among other data especially the tripartite structural 
motif, which is unique for this carrier family, argues for 
this interpretation. Besides the availability of a detailed 
structural characterization, especially the adenine nu- 
cleotide carrier and to some extent also the proton 
carrier (UCP, see 4.4) are among the most extensively 
studied secondary carriers in terms of function and 
regulation [231,232,248-253]. 

Several properties of these carriers are noteworthy 
with respect to transport function and the substrate 
pathway. In spite of a similar topological arrangement 
of transmembrane segments and hydrophilic loops, this 
family of carriers can handle the most extreme types of 
substrates: from one of the largest solute molecules to 
be transported (ATP) to the smallest (protons). It is 
thus of major interest to elucidate the substrate path- 
way within this family of carrier proteins, to gain in- 
sight into the possible variations of a common theme 
for adapting protein structure to very different func- 
tional requirements (see below). 

Also in another respect, these proteins seem to be 
interesting candidates for elucidating carrier mecha- 
nisms. Kinetic studies in reconstituted systems have 
shown that these carriers in general function in a 
simultaneous (or alternatively called 'sequential') type 

of kinetic mechanism. By analogy to enzymes, this 
means for carriers that the second substrate binds 
before the first is released, i.e., a ternary complex is 
formed during transport. Consequently, two substrate 
binding sites are assumed, one on each membrane side. 
This does not only hold true for typical antiport carri- 
ers like the aspartate/glutamate or the oxoglutarate 
carrier [254,255], but also for transporters catalyzing 
unidirectional substrate flux like the carnitine carrier 
[256] and the phosphate carrier [257]. Thus the func- 
tion of the latter could in fact be explained as P i / O H -  
antiport [257a]. The presence of two active sites leads 
to a model which involves two substrate pathways 
within the dimer, i.e., one pathway per monomer with 
6 transmembrane segments. It should be noted that 
this model is in contradiction to the assumption of only 
one transmembrane pathway per 12 transmembrane 
segments for other carriers, e.g., in the lactose carrier 
[163] or the anion carrier in erythrocytes [170]. How- 
ever, the functional pattern of the mitochondrial car- 
rier family is not homogeneous. The carnitine carrier 
functions in a ping-pong-type mechanism [258]. The 
situation is even more complicated in the case of the 
A D P / A T P  carrier. Whereas there are kinetic results 
indicating a simultaneous mechanism [259], the data on 
site recruitment clearly argue for a ping-pong mecha- 
nism [28,252]. On the other hand, the mitochondrial 
carrier family is not the only example where different 
mechanisms have been found among closely related 
translocators. Whereas the erythrocyte anion carrier 
unequivocally functions according to a ping-pong 
mechanism (4.3), an anion transporter in HL60 cells of 
the same carrier family has been identified as carrying 
out transport by a simultaneous type of mechanism 
[260]. 

The presence of two substrate pathways has gained 
more probability in view of recent experiments with the 
yeast mitochondrial A D P / A T P  carrier. Functionally 
inactive site-directed mutants were subjected to seleC- 
tion for spontaneous suppression. Two important re- 
sults were thus obtained. When projected in the helical 
wheel arrangement, the observed mutated and also the 
charged residues within the hydrophobic segments of 
the protein fall within one half of each putative trans- 
membrane helix [261-263]. Consequently, these 
residues are thought to be involved in helix contacts 
and /o r  lining the sides of the substrate (nucleotide) 
pathway. If true, this leads to a channel made up of the 
six transmembrane segments of one monomer of the 
A D P / A T P  carrier. When this arrangement is applied 
to other members of the mitochondrial carrier family, a 
consistent pattern of the distribution of side chains is 
observed, in which more or less all charged residues 
face the inside of the putative substrate pathway. Inter- 
estingly, the mutants which suppress the effect of mu- 
tations in an arginine triplet at the matrix side of the 
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protein were all found at the opposite, i.e., cytosolic, 
side of the ADP/ATP carrier. Thus the two spatially 
widely separated regions are thought to be conforma- 
tionally coupled during the catalytic function of the 
ADP/ATP carrier [263]. 

It should be recalled that the uncoupling protein of 
brown fat mitochondria, although closely resembling 
the ADP/ATP carrier in structure and topology (see 
4.4), presumably uses a different fine structure of the 
substrate pathway. This has already been discussed 
above (4.4). 

5. Channel  versus  carrier:, mere ly  a s emant i c  problem 
or a concept  which  is still  valid? 

The discrimination between channel-type and car- 
rier-type mechanisms as catalytic principles of solute 
movement across membranes is an everlasting concep- 
tual attempt to characterize the specific properties of 
particular transport processes. Besides the well known 
fundamental examples of channel-type and carrier-type 
ion translocation mediated by the oligopeptides grami- 
cidin and valinomycin, respectively, there is some con- 
fusion with respect to these concepts in the case of 
carrier proteins. In fact, although numerous unequivo- 
cal examples of each type of vectorial process exist, 
e.g., ion channels of eukaryotic cells on the one hand 
and strictly coupled exchange systems like the mito- 
chondrial ADP/ATP carrier on the other, discrimina- 
tion between the different mechanisms is not always 
that easy. Even the simplest pore is not solely a water- 
filled hole giving unrestricted passage to solutes of a 
given size. More sophisticated types of channels can 
formally be treated as enzymes, as can carriers [47,264]. 
Channels modify the rate of a (vectorial) reaction, 
similar to the action of enzymes. The only formal 
distinction which remains is the fundamental differ- 
ence that the solute binding site of a carrier protein is, 
at a given time, either accessible from one side of the 
membrane or from the other, but not from both, 
whereas the binding site(s) of a channel are accessible 
from both sides of the membrane at the same time. 
Other properties often used for discriminations be- 
tween these two principles are ambiguous to some 
extent. This holds true for translocation rates, which 
are in general significantly higher for channels, as well 
as for the energy barrier (activation energy), which is 
normally significantly higher for carriers. 

Currently there is a strong tendency to mix the 
concepts of channel- and carrier-mediated solute flux. 
This view was induced by the growing evidence of basic 
structural similarities between many of these proteins, 
irrespective of whether they function as channels or as 
carriers [9,265-267]. Evolutionary lines have been con- 
structed, starting from a simple pore, via simple uni- 

porters (facilitators) and more complex secondary car- 
riers, up to the sophisticated structures of primary 
carrier systems [12,265]. Mixing of the concepts was 
also induced by more theoretical considerations, where 
a unifying kinetic model for channels and carriers was 
suggested [25]. The basic concept, however, was proba- 
bly not to converge these principles, but to show how 
they can formally be treated similarly to some extent, 
based on particular common functional principles. The 
tendency to combine these concepts was further stimu- 
lated by experimental observations and conclusions. 
The channel-type function of carrier proteins was ob- 
served under physiological conditions [268,269], or af- 
ter modification [249,270-272]. Moreover, different 
functional principles were found within carrier families 
of related structure [267], the best example being the 
ABC transporter family (see 6.2). In this class of trans- 
porters very diverse mechanisms are represented, rang- 
ing from primary transport systems, e.g., bacterial bind- 
ing protein-dependent transport (active solute trans- 
port coupled to ATP hydrolysis), up to ion channels, 
e.g., the cystic fibrosis transmembrane conductance 
regulator (CFTR acting as C1- channel) [267,273-275]. 
Taken together, mainly the observed similarity in struc- 
tural elements triggered the idea of a functional con- 
vergence, which consequently led to the assumption of 
an equivalence of carrier-type and channel-type mech- 
anisms. 

There is also another view by which these observa- 
tions may be explained. Channels and carriers obvi- 
ously catalyze the same vectorial reaction. They must, 
to some extent, fulfil the same requirements: con- 
trolled flux across a basically impermeable physical 
barrier. Thus it is not surprising that similar functional 
principles are used in both constructions, e.g., binding 
sites, gates, sensors for ion gradients and voltage. It is 
obvious that not only carriers need specific binding 
sites for transported solutes, but such sites may also be 
detectable in channels which are often highly specific 
for particular transport ligands [81,276-279]. Both car- 
riers and channels sense the membrane potential, as 
described here for carriers like the F1F o ATPase (4.4) 
or the Na-glucose cotransporter (6.4). This is of course 
also true not only of typical eukaryotic ion channels 
[79,280,281], but also of bacterial porins [81,278,282] or 
the mitochondrial outer membrane channel (VDAC) 
[283-285]. However, the principles of voltage sensing 
may possibly be rather different. There is evidence that 
in channel proteins mobile loop structures changing 
the permeability of the channel pathways may be re- 
sponsible for this function [79,281], whereas in carriers, 
potential-dependent binding pockets (ion wells) or po- 
tential triggered mobility of barrier domains may ex- 
plain voltage sensing (see Sections 4.4 and 6.4). On the 
other hand, the analysis of bacteriorhodopsin has shown 
that carrier proteins may also have typical channel 
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elements responsible for the the substrate pathway 
through the protein. 

Obviously, the old conceptual distinction which 
keeps channels and carriers clearly separated is not 
correct. Not only the description of a channel as a 
simple 'water-filled hole' must be abandoned, but also 
the carrier concept [34,57] of a mobile element moving 
around the substrate molecule does not fit the present 
data. Elements necessary for catalyzing the controlled 
flux of substrates are found in either member of the 
two different principles. It should be emphasized, how- 
ever, that these elements may be used differently to 
some extent. Most carriers can clearly be discriminated 
from channels by some functional properties. Although 
uniporters (facilitators) have been put into close func- 
tional vicinity to channels, they (and more or less all 
other carriers) show the distinctive kinetic property of 
a counterexchange maximum, which channels never do. 
The function of coupling, whether to another vectorial 
or to a chemical reaction, is clearly restricted to carrier 
systems. In conclusion, there is in fact convincing evi- 
dence that a close relationship between carriers and 
channels in terms of evolution and structural principles 
in fact exists. There is furthermore evidence that sev- 
eral functional principles, originally thought to be re- 
stricted to channels (e.g., channel-type substrate path- 
ways through the protein moiety, broad substrate 
specificity) or to carriers (e.g., conformational change, 
specific binding sites), are found in members of both 
classes. There is, however, no doubt that the intrinsic 
construction principle of channels and carriers is to a 
significant extent different and thus the distinction is 
not only semantic. This restricts to some extent the 
usefulness of unifying concepts for the understanding 
of the function of those proteins which mediate solute 
flux through the membrane barrier. 

Another aspect should be pointed out here where 
some caution in interpreting solute translocation mech- 
anisms is necessary. A simple uniporter (facilitator) or 
even a true 'pore' may accomplish carrier-type proper- 
ties, i.e., specificity, directionality, energy dependence 
etc., by close functional coupling to a subsequent en- 
zyme. This has first been supposed for the glycerol 
facilitator in E. coli [286] and was recently studied in 
more detail [287]. In this case, the direct interaction 
between a simple uniporter and a kinase creates com- 
plex kinetic and regulatory properties of the combined 
system. In this respect, the functional similarity be- 
tween this combination and a PTS system (see 6.3) 
should be emphasized [286]. Another, even more strik- 
ing example of this kind has been described recently 
for the interaction of the mitochondrial outer mem- 
brane pore (VDAC or mitochondrial porin, see above, 
this section). By close functional interaction of this 
channel protein with kinases (e.g., the cytosolic hexoki- 
nase), unidirectional, selective and tightly regulated 

transport properties of the combined system are gener- 
ated [288-290]. 

6. Mechanism of coupling and voltage sensing 

As stated for solute transport in general, and the 
same holds true for coupling in particular, the mecha- 
nism of free energy coupling has not been elucidated in 
detail for any single carrier system. Although the prin- 
ciples of energy transduction in coupled solute trans- 
port mechanisms have been described in reasonable 
concepts (see Section 3), the situation becomes some- 
what confused when these principles are applied to 
different kinds of carrier mechanisms in molecular 
terms. At first sight, it seems to be a completely differ- 
ent situation whether a vectorial reaction is coupled to 
an exergonic chemical reaction (primary transport) or 
to the translocation of another solute (secondary trans- 
port). Moreover, these considerations are currently the 
major focus of attention because of attempts to estab- 
lish unifying concepts for carrier catalysis (see 3.3 and 
7). In this section, recent developments in understand- 
ing the structural and functional basis of free energy 
coupling in primary and in secondary transport will be 
outlined by a few representative examples. 

6.1. Free energy coupling in primary transport: the 
Ca2 +-A TPase from sarcoplasmic reticulum 

The investigation of energy transduction is particu- 
larly attractive in primary transport systems since the 
two aspects, i.e., the chemical and the vectorial reac- 
tion, in general take place in different subunits or 
subdomains of the respective carrier protein. Thus they 
can be studied independently to some extent. Of the 
many systems which have been elucidated in detail, 
only a few can be discussed here. F-type ATPases have 
already been mentioned (Section 4.5). Besides the 
sarcoplasmic Ca2+-ATPase, which will be discussed in 
the following, detailed information is also available for 
other P-type ATPases, e.g., Na +,K+-ATPase [291-294], 
K+,H÷-ATPase [295,296] or plasma membrane H ÷- 
ATPases [297,298]. Further examples of primary sys- 
tems mentioned in this review are ABC-ATPases (6.2) 
and phosphotransferase systems (6.3). 

The ATPase in the membrane of Ca2+-storage or- 
ganelles of muscle ceils is essential for muscle function 
in pumping Ca 2÷ from the cytoplasm into the lumen of 
the sarcoplasmic vesicle. The single subunit protein 
consists of about 1000 amino acids (in various species), 
and can be divided into several domains (Fig. 9) [299- 
301]. Some of the subdomains have been attributed to 
particular functions of the protein, e.g., ATP binding 
and phosphorylation (P-type ATPases are reversibly 
phosphorylated during the catalytic cycle). The lay- 
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phosphorylatlon domain\\ 

Fig. 9. Structural model of the sarcoplasmic Ca2+-ATPase, modified 
from [304] with permission. 

drophobic domain, consisting of ten putative trans- 
membrane helices, is the CaZ+-translocating subdo- 
main. 

The most interesting functional aspect of the Ca 2 +- 
ATPase is the coupling between ATP hydrolysis or 
synthesis (chemical reaction) and the movement of 2 
Ca 2+ ions (vectorial reaction). From the basic ener- 
getic concept (3.1) it became clear that there is no 
particular catalytic step in which the free energy is 
transferred [302,303]. Coupling is mediated by changes 
in the catalytic specificity at the nucleotide binding 
site, as well as changes in the affinity for calcium at 
one side or the other of the membrane domain. As 
generally assumed for P-type ATPases, the reversible 
reaction cycle of the CaZ+-ATPase is characterized by 
two putative conformational states of the protein, 
namely E 1 and E 2 (Fig. 1C). In state E 1, the Ca 2+- 
ATPase binds two Ca 2 + ions at the cytoplasmic side as 
well as ATP with high affinity at the nucleotide binding 
site. After transfer of the terminal phosphate of ATP 
to an aspartyl residue of the phosphorylation domain, 
the CaZ+-ATPase changes into the E 2 conformation by 
which the Ca 2+ binding site reorients to the lumenal 
side and releases Ca 2+ due to strongly reduced binding 
affinity. Consecutively, the CaZ+-ATPase becomes de- 
phosphorylated and the enzyme switches back to the 
E 1 conformation. Thus the state of the nueleotide 
binding/phosphorylat ion domain (chemical reaction) is 
controlled by the state of the translocation domain 
(vectorial reaction) and vice versa [300-304]. Whereas 

the Cae+-ATPase becomes phosphorylated by ATP in 
the presence of bound Ca 2+, in its absence the enzyme 
is phosphorylated by inorganic phosphate. On the other 
hand, the Ca 2+ binding site of the phosphorylated 
enzyme is exposed to the lumenal side of the mem- 
brane, whereas in the free enzyme the Ca 2+ binding 
site is exposed to the cytoplasmic side. This strict 
mutual correlation of changing specificity in the chemi- 
cal reaction and orientation of the two functional do- 
mains in the vectorial reaction provides the mechanis- 
tic basis for the coupling principle [44,302]. 

The question is now how coupling of the chemical 
and the vectorial reaction is brought about by struc- 
tural elements of the Ca2+-ATPase. The existence of 
different conformations is supported by various obser- 
vations, i.e., difference in the intrinsic tryptophan fluo- 
rescence, in chemical reactivity and in sensitivity to 
tryptic cleavage [305]. It should be emphasized that in 
practice there are many subtle conformational changes 
within the catalytic cycle and not simply two major 
ones from E 2 to E 1 [55,302]. Thus, since conforma- 
tional changes are presumably involved in most of the 
individual steps shown in Fig. 1C, the E1-E 2 model in 
its simple version is somewhat misleading. 

Two major strategies are currently used for further 
elucidating the coupling mechanism of the Ca 2+- 
ATPase. On the one hand, the detailed examination of 
individual catalytic steps by using presteady-state kinet- 
ics [55,302,306-308]. As mentioned above, these results 
indicate that the chemical and the vectorial reactions 
are coupled by conformational events which are trig- 
gered by binding and dissociation of the non-covalent 
(Ca, ATP) and covalent (Pi) ligands of the enzyme 
[302]. On the other hand, extensive site-specific muta- 
genesis of the CaZ+-ATPase and expression in COS-1 
cells [309] has brought new insight into the mechanism 
of coupling. 

The ATP and the Ca 2+ binding sites are widely 
separated. Thus mutations in different parts of the 
enzyme not only define the location of individual 
events, but also help to elucidate the 'cross-talk' by 
long-distance transmission of conformational changes 
between individual subdomains. As usual, a large num- 
ber of mutations had little effect on function. Several 
mutants, however, in which catalytic activity was lost, 
still retained their competence for partial reactions 
[300,304]. The following mutations were characterized. 
Some affected Ca z+ binding or affinity [310,311], oth- 
ers ATP binding or phosphorylation of the enzyme 
[310]. Finally, a third type affected conformational 
changes of the Ca2+-ATPase [312]. The first class of 
mutants was subdivided into those which lead to re- 
duced transport rate due to reduction of binding affin- 
ity and those in which Ca 2 + transport was lost because 
of the lack of triggering functions of Ca 2+ binding on 
the catalytic cycle, presumably since Ca 2+ binding was 
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destroyed. Since all these mutants were located near 
the center of the transmembrane segments 4, 5, 6, and 
8 (Fig. 9), this domain has been putatively identified as 
the Ca 2+ binding and translocation site. Mutants which 
affect ATP binding or phosphorylation of the enzyme 
[309,313,314] could be located in the respective do- 
mains (Fig. 9). Most interestingly, a number of mutants 
were identified which, although unable to transport 
Ca 2÷, retained interaction with ATP, phosphate, and 
Ca 2÷. Consequently, those mutants were identified as 
being unable to undergo the correct conformational 
changes which lead to coupling of the partial reactions 
in the catalytic cycle. Those mutations were found not 
only in the Ca 2÷ translocation domain and near the 
catalytic center, but, in contrast to the other mutant 
classes, also in the connection between the nucleotide 
binding and the stalk domain, in the /3-strand and in 
the transmembrane domain. 

In summary, the effect of the various mutations 
indicated that the different functional state of the two 
domains of the Ca2+-ATPase involved either in Ca 2÷ 
translocation (binding/dissociation of Ca 2÷ at the cy- 
tosolic or at the lumenal face) or in ATP processing 
(binding/release of ATP or Pi) are strictly correlated 
by conformational changes of the domains topologi- 
cally connecting the distant catalytic centers. The 
change in accessibility of the Ca 2÷ binding sites to 
either the cytosolic (high affinity) or the lumenal face 
(low affinity) is correlated to a change in binding 
affinity by three orders of magnitude. The free energy 
of ATP hydrolysis is utilized to accumulate Ca 2 ÷ at the 
lumenal side, and is thus transformed into a steep 
electrochemical gradient of Ca 2÷ across the sarco- 
plasmic membrane. 

6.2. Irreversibility in primary transport: the bacterial 
binding protein-dependent systems 

Bacterial binding protein-dependent  transport sys- 
tems (BPD systems) belong to a large superfamily of 
carriers present both in prokaryotes and eukaryotes 
[65,273,274,315-321]. Transporters of this class have 
been called 'traffic ATPases' ,  because of the wide 
range of substrates transported in either direction, 
frequently coupled to ATP hydrolysis. An alternative 
term is 'ABC transporters' ,  based on the presence of a 
conserved ATP-binding cassette [274,319,322], a struc- 
tural motif which is invariably associated with these 
proteins. Members of this family are related to a multi- 
tude of biological processes both in bacteria (e.g., so- 
lute uptake, antibiotic resistance, cell development) 
and in eukaryotes (e.g., multidrug resistance, peptide 
and C1--transport) [274,321]. ABC transporters are re- 
lated to each other in sequence and structural organi- 
zation and probably have a common evolutionary ori- 
gin [65,316,323]. In this review, some functional prop- 

S 
Fig. 10. Scheme of the binding p~otein dependent maltose transport 
system of E. coli. The functions of the different subunits located in 
the plasma membrane, in the periplasm and in the outer membrane 
are explained in the text (B, LamB; E, MalE; F, MalF; G, MalG; K, 
MalK). 

erties of the BPD systems, a subclass of this carrier 
family, will be discussed. 

In E. coli, more than 20 binding BPD transport 
systems are known so far. These carriers are widespread 
in Gram-negative bacteria, and their occurrence in 
Gram-positive bacteria has also been documented 
[324,325, for review see 65,274,318]. Well-characterized 
examples are the uptake systems for maltose [315,326- 
328], histidine [329,330], and oligopeptides [331-333]. 
BPD systems of Gram-negative bacteria are typically 
composed of four distinct membrane-associated do- 
mains, two being highly hydrophobic, whereas the two 
other domains are presumably only peripherically asso- 
ciated at the cytoplasmic face (Fig. 10). The character- 
istic feature of these high-affinity transport systems is 
the presence of a soluble substrate-binding protein in 
the periplasm (MalE for the maltose, HisJ for the 
histidine system). Some systems, e.g., that of maltose, 
additionally involve a specific protein which mediates 
the passive permeation of the substrate through the 
outer membrane. The hydrophobic proteins (MalF, 
MalG and HisQ, HisM, respectively) span the mem- 
brane by about six putative segments each, i.e., 12 
transmembrane segments altogether. The peripheral 
components (a dimer of MalK or His J, respectively) 
carry two sequence motifs indicative of nucleotide 
binding [318,322,334,329]. 

A basic functional scheme of the maltose transport 
system is shown in Fig. 10. After permeation through 
the maltose-specific porin (LamB), the substrate is 
tightly bound by MalE, which thereby dramatically 
changes its conformation, i.e., the bilobed, two-domain 
structure switches from an 'open'  to and 'closed' state 
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[335-338]. The MalE-maltose complex interacts with 
the membrane-bound subunits (at least with MalF and 
MalG), upon this interaction the substrate is released 
from MalE and translocated along an unidentified 
pathway by a conformational change of the membrane- 
ous domains. The translocation event, possibly the 
'return' of the carrier site in the catalytic cycle, is 
coupled to ATP hydrolysis [339-343]. After a decade- 
long controversy, it has now been clearly shown for 
histidine transport by using a reconstituted system 
[343-347] that translocation is coupled to ATP hydrol- 
ysis by the peripheral component (HisP or MalK). 
However, both the mechanism of translocation and its 
coupling to ATP hydrolysis are still unknown. 

With respect to structure/function correlation in 
energy coupling the BPD systems are both particularly 
fascinating and highly complex. Transport reactions are 
in general paradigms of reversible processes. This is 
not only true of secondary processes, also of primary 
transport systems, e.g., P-type ATPases, reversibility is 
provided by particular functional properties of the re- 
action cycle (see Section 3). BPD systems show un- 
precedented behavior with respect to these properties. 
The vectorial reaction is not only practically irre- 
versible [315,348,349], but properties typical of carrier 
proteins like exchange diffusion or countertransport 
are not observed either. 

The membraneous domains of BPD systems catalyze 
substrate translocation only if substrate-loaded binding 
protein is available externally [329]. On the other hand, 
mutants have been obtained which mediate transloca- 
tion even in the absence of binding protein. The muta- 
tions were located either in the hydrophobic compo- 
nents (MalF or MalG) [350] or in the peripheric nu- 
cleotide binding protein (HisP) [351]. Interestingly, mu- 
tants of the maltose system, lacking the binding protein 
component, were found not only to transport substrate 
in the absence of binding protein, but also to con- 
stantly hydrolyze ATP, even in the absence of maltose 
and binding protein. The rates of ATP hydrolysis were 
related to the rates of maltose transport [327]. These 
findings have been interpreted to indicate that interac- 
tion of the liganded binding protein at the periplasmic 
side by conformational coupling transmits a signal to 
the nucleotide binding domain (MalK, HisP), thus con- 
trolling ATP hydrolysis [327,351]. The consequence of 
ATP hydrolysis would be the induction of conforma- 
tional changes in the membrane domains which lead to 
solute translocation, similar to the common model of 
transport (see Section 3). These putative conforma- 
tional changes have not been proven so far. Since the 
binding, hydrolysis and release of ATP, ADP and Pi, 
respectively, have not yet clearly been correlated to 
particular steps within the reaction cycle, this func- 
tional model is still very similar to the first one pro- 
posed 10 years ago [315]. Although details of the cou- 

piing mechanism still remain unclear, these studies 
clearly show that the membraneous components are 
basically able to catalyze the translocation step, and 
that the catalytic activity of the nucleotide-binding 
cytoplasmic domain is controlled by interaction of the 
liganded periplasmic binding protein component with 
the membraneous domains [327]. Evidence has even 
been presented that this interaction involves a direct 
contact between the soluble binding protein and a 
membrane-spanning loop of the cytoplasmic domain 
[352-354]. 

A clue to the still unsolved problems of the unidi- 
rectionality of BPD systems and their peculiar kinetic 
properties may be provided comparing these systems 
with other members of the superfamily of ABC trans- 
porters. Only in BPD systems are such unprecedent- 
edly high solute gradients of more than 105 observed as 
well as practically unidirectional uptake [315,355]. 
These systems differ from all other ABC transporters 
in the additional presence of binding proteins. Thus it 
is an obvious conclusion to correlate particular func- 
tions of this additional subunit, i.e., the binding protein 
component of these systems, with their extraordinary 
properties. Consequently, this led to several hypothe- 
ses explaining the function of the soluble binding pro- 
teins by dramatically increasing the apparent substrate 
affinity of the BPD system [356] or the actual substrate 
concentration in the binding pocket [329,353]. The 
latter hypothesis, for example, is based on the assump- 
tion that upon interaction of the binding protein-sub- 
strate complex with the membraneous subunits, a 
pocket, occluded from the surroundings, is created. 
Within this pocket, the single substrate molecule is 
(formally) present at extremely high concentration 
which consequently leads to flux of the substrate to the 
cytosol along a pathway through the membrane-span- 
ning subunits. ATP hydrolysis is then assumed to 
change the conformation and thus the affinity of the 
binding protein via interaction with the membraneous 
subunits. These hypotheses are difficult to prove exper- 
imentally, and kinetic arguments against their validity 
have been put forward [357]. 

An interesting concept has been published recently, 
which, mainly based on kinetic evidence, seems to 
explain the observed peculiar properties of BPD sys- 
tems [357,358]. The kinetic analysis depends on the 
same basic model as mentioned above [315]. An essen- 
tial assumption is that exclusively the liganded form of 
the binding protein interacts with the carrier. Although 
this seems to be generally accepted [328,329], there are 
also conflicting data [359]. The kinetic model for BPD 
transport is derived by combining (i) a separate cycle of 
binding/release of the substrate to/from the binding 
protein correlated with conformational changes of the 
binding protein with (ii) a conventional carrier scheme 
involving the membrane-embedded subunits (carrier) 
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and the substrate delivered from the binding protein. It 
correctly describes the main kinetic features of BPD 
systems, i.e., strong asymmetry (unidirectionality) and 
lack of exchange transport and countertransport. In 
this model, the asymmetry imposed by the binding 
protein leads to the function of an inwardly directed 
valve, thus preventing the reverse reaction which would 
mean loss of substrate [357]. The input of free energy is 
necessary to change the affinity of the membraneous 
domains for the transport substrate, thus converting 
the inward-facing binding site from high-affinity to 
low-affinity, similar to the mechanism of the Ca 2÷- 
ATPase (6.1). It is not yet fully clear whether this 
model in fact correctly describes the complete function 
of BPD systems. However, it is instructive by demon- 
strating that the puzzling properties of BPD systems 
can in principle be explained by a combination of 
simple and well-known functional principles and do 
not need any exclusive mechanistic constructions. 
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Fig. 11. Scheme of a phosphotransferase transport system (e.g., 
mannitol transport system). The different subunits are designated 
according to the nomenclature described in [370]. The functions of 
the different subunits and domains are explained in the text. The 
phosphotransfer reactions from PEP to the different subunits and 
domains are shown by broken lines, substrate translocation and 
phosphorylation by a solid line. 

6.3. Group translocation by phosphotransferase systems: 
an exception? 

Solute transport catalyzed by the mechanism of 
group translocation is in general treated as an excep- 
tional case among transport mechanisms and has thus 
been classified separately. This mechanism is peculiar 
in coupling the vectorial process to chemical modifica- 
tion of the transported solute (see below), i.e., it is the 
only transport mechanism known in which the trans- 
ported solute becomes chemically changed. Although it 
was formerly postulated as a fundamental principle in 
chemiosmosis [360], in fact the only known example is 
phosphoenolpyruvate-dependent phosphotransferase 
(PTS) systems found solely in bacteria. A large variety 
of these systems catalyze the uptake of many different 
sugars and sugar alcohols coupled to phosphorylation 
of the transport substrate [361-366]. PTS consist of 
two water-soluble proteins common for all systems, 
enzyme I (El) and histidine protein (HPr), and a series 
of substrate-specific enzymes II (Eli). The El1 subunits 
are further characterized by three subdomains (EIIA- 
EIIC), which are differently organized in the various 
PTS, either fused together or separate subunits [re- 
viewed in 366-371]. EIIc, the membrane-integrated 
subdomain, consists of most probably 6 (possibly 8) 
transmembrane helices [366,367,372,373]. Since the 
PTS are organized as homodimers [reviewed in 
365,366], the membraneous part again seems to reflect 
the common pattern of about 12 transmembrane seg- 
ments. 

Fig. 11 describes the sequence of phosphate transfer 
reactions starting from PEP, via phosphorylated histi- 
dine and /o r  cysteine residues of El, HPr, EllA, and 
EIIB, finally leading to phosphorylation of the trans- 
port substrate. This sequence of events can be de- 

scribed by the following equations, exemplified for the 
glucose-PTS in E. coli. 

PEP + enzyme-I ~ enzyme-I ~ P + pyruvate (1) 

enzyme-I ~ P + HPr ~ HPr ~ P + enzyme-I (2) 

HPr ~ P + enzyme-IIA Glc ~ enzyme-IIA Glc ~ P + HPr 

(3) 

enzyme_IIA 61c ~ p + enzyme-IIB 61c ~ enzyme-IIB 61c 

~ P + enzyme-IIA 61~ (4) 

enzyme.IIB 61c ~ p + glucoSeou t ~ glucose-6-Pin 

+ enzyme-IIB 61~ 

(5) 
The original idea of PTS function assumed that the 

phosphorylation reaction is the actual 'driving' step. 
The two partial reactions (vectorial and chemical) 
should be tightly coupled in order to guarantee proper 
functioning of the system effectively transferring free 
energy. However, this is not the case. It has already 
been argued on basic energetic grounds that the phos- 
phorylation step cannot be directly related to translo- 
cation in mechanistic terms [51]. It would be difficult to 
imagine that the intrinsic binding energy could provide 
sufficient catalytic energy for both conformational 
change of the protein (decreasing the energy barrier 
for translocation) and conformational distortion of the 
bound substrate (decreasing the energy barrier for the 
chemical reaction). 

It has clearly been shown, at least in the case of the 
mannitol PTS from E. coli and the glucose PTS from 
S. typhimurium, that the two partial reactions are actu- 
ally not simultaneous events and can be completely 
uncoupled under certain conditions. By studying man- 
nitol binding, transport and phosphorylation in vesicles 
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with both orientations (inside out and right side out) 
[374-376], as well as in a liposomal system [377], it has 
been shown that phosphorylation and transport of 
mannitol are separate steps. On the one hand, the EII 
complex catalyzes phosphorylation of mannitol from 
the cytoplasmic space without concomitant transport 
[377,378] and on the other hand, unphosphorylated 
EII, in fact the membrane-spanning EIIC subdomain 
alone, catalyzes the facilitated diffusion of mannitol at 
a slow rate [375,377]. This part of the PTS thus func- 
tions as a 'simple carrier', i.e., exposing a single bind- 
ing site alternatively to either side of the membrane 
[374,376,377]. This finding is corroborated by the ob- 
servation that under certain conditions (inducer expul- 
sion [379-381]), in contrast to its 'normal' function, EII 
mediates the effiux of mannitol from bacterial cells. 
Although the phosphorylation state of the EIIA sub- 
unit does not affect substrate binding to the 'carrier' 
domain EIIC, interaction of these domains becomes 
obvious by the fact that phosphorylation of EII en- 
hances the translocation rate by several orders of mag- 
nitude [375,377]. 

These kinetic data on the function of the mannitol 
PTS are confirmed by mutant studies of the PTS for 
both mannitol and glucose. Mutants of EII Mtl have 
been obtained which are functionally uncoupled, i.e., 
they catalyze phosphorylation without concomitant 
transport [382]. Similarly, in mutants of EII GIc 
[372,378,383-385] facilitated diffusion uncoupled from 
glucose phosphorylation was observed. 

Although the structures of the hydrophilic EII do- 
mains are known in detail [reviewed in 366] the same 
does not hold true for the membraneous part EIIC. 
Based on data obtained with fusion techniques 
(phoA/lacZ fusion), a topological arrangement of EIIC 
has been proposed [365,367,386] which include a bun- 
dle of at least 5 transmembrane helices. The position 
of amino acids changed in various mutants suggests 
that at least part of the substrate binding site is located 
in hydrophilic loops [386,387]. However, in view of 
increasing evidence that hydrophilic loops may be 
backfolded into the region of transmembrane seg- 
ments, this does not prove a particular location of the 
binding site. 

Taken together, these data suggest the following 
model of the catalytic cycle of transport by the EII 
subunit of PTS (cf. Fig. 11 and the equations above) 
[366,388,389]. (a) The substrate binds from the 
periplasm to EIIC with high affinity. (b) If EIIB is 
phosphorylated, EIIC translocates the substrate to the 
cytoplasmic face by a mechanism identical to that 
known from 'typical' secondary uniporters. (c) The 
substrate becomes phosphorylated by the phospho- 
rylated EIIB domain and is released into the cyto- 
plasm. Besides the lack of understanding of the mecha- 
nism of solute translocation in general, two particular 

aspects of this cycle are clearly not sufficiently under- 
stood. On the one hand, it has been shown that in the 
case of the mannitol PTS, the substrate can, with equal 
probability, in step (c) first be released and then rebind 
with subsequent phosphorylation. This means that the 
two partial reactions (vectorial and chemical) are com- 
pletely uncoupled at least on the substrate level. As 
mentioned above, this is in obvious contrast to the 
former understanding of group translocation. On the 
other hand, translocation seems to be tightly coupled 
to phosphorylation on the protein level, i.e., in the 
EIIB domain. This is indicated by findings of a close 
conformational 'cross-talk' between EIIB and EIIC 
with respect to phosphorylation state and transport 
properties. EIIC-coupled translocation is only possible 
at reasonable rates if EIIB is phosphorylated. All mu- 
tations in which effective substrate translocation is 
uncoupled from phosphorylation, concomitantly lead 
to a drastic decrease of substrate affinity at the 
periplasmic face of EIIC. 

The question of how coupling can be described 
mechanistically in PTS largely remains open. The for- 
mer view of tight coupling of the vectorial and the 
chemical process on the substrate level is definitely 
incorrect. Another explanation analogous to the func- 
tion of the FIF o ATPase which has been put forward 
for binding protein dependent systems as well (6.2), 
namely that the chemical reaction (dephosphorylation 
of EIIB) drastically lowers the binding affinity for the 
substrate thus being the essential step for its release, is 
presumably not correct. This is indicated by the data 
(see above) showing an equal probability of substrate 
release without concomitant phosphorylation. It may 
be suggested that there is in fact a conformational 
coupling between the hydrophilic subdomain EIIB and 
the carrier domain EIIC in that the height of the 
energy barrier for reorientation of the substrate loaded 
carrier is controlled by the phosphorylation state of 
EIIB. The subsequent phosphorylation of the substrate 
may then in fact not contribute significantly to ener- 
getic coupling of the translocation event, irrespective 
of the fact that it is essential to trap the substrate 
within the cell due to phosphorylation. In other sugar 
transport systems, e.g., the glycerol carrier of E. coli, 
this function is carried out by soluble kinases [286,287]. 
Thus substrate phosphorylation may only be integrated 
into the transport enzyme for evolutionary, but not 
mechanistic reasons. 

6.4. Free energy coupling in secondary transport: the 
Na +/glucose cotransporter as studied by L,oltage-clamp 
techniques 

The Na+/glucose cotransporter from the intestinal 
brush border is a member of a large family of Na +-cou- 
pled cotransport systems present in many procaryotic 
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C~ -4 ~ C~ 

Na2,C e • .-- C i,Na2 

GIc,Na2.Ce • ~ Ci.Na2oGIc 

Fig. 12. Simplified kinetic scheme of the Na+/glucose cotransporter 
from the small intestine, modified from [403]. Abbreviations as 
described in Fig. 1 and in the text. 

and eucaryotic ceils [390,391]. Since its cotransport 
function was correctly described more than 30 years 
ago [392], it has become one of the best studied trans- 
port systems in terms of kinetic properties as well as 
modulation by membrane potential and cotransport 
ion (sodium) [40,390,391,393-397]. The Na+/glucose 
carrier is functionally asymmetric [398], quantification 
of the effect of membrane potential on the kinetic 
parameters suggested one or two negative charges at 
the mobile part ('gate') of the carrier protein [395,399]. 
The analysis further strongly suggested Na+/glucose 
stoichiometry of 2 [398,400,401]. The kinetic mecha- 
nism proved to be of the simultaneous type including a 
ternary complex (see Fig. 12) [393,398]. 

A remarkable breakthrough in the analysis of this 
carrier and coupled cotransporters in general was made 
by two steps. First, the protein was expressed in a 
functionally active form in oocytes in an extremely high 
concentration, approximately 105 carrier molecules per 
tzm 2 [402,403]. This massive overexpression made it 
possible to use electrophysiological techniques, i.e., 
steady-state currents across the plasma membrane were 
measured in response to experimentally varied voltage 
by the application of two microelectrodes (monitoring 
the internal and external space, respectively) under 
voltage-clamp conditions [403-405]. The advantage of 
this technique lies in the fact that the movement of 
charges can be followed directly, which in principle 
holds true for any single step within the catalytic cycle 
of a carrier protein. In kinetic methods, on the other 
hand, the effect of charges and electric potential on 
steps other than the translocation step is in general 
difficult to analyze. Kinetic values such as so-called 
'transport affinities' ( g  m values of the transported 
solutes) are very complex terms which include a whole 
set of different parameters [35,406,407]. Electrophysio- 
logical methods have been applied to many carrier 
processes including some Na+-solute cotransport sys- 
tems in particular [e.g., 179,398,408-412]. Rigorous 
application of this technique including presteady-state 
kinetics led to a detailed description of the mechanism 

of Na+-binding and Na+-coupled cotransport by the 
Na+-glucose carrier of small intestine [403,405]. 

When massively overexpressed in X. laeMs oocytes, 
the Na+/glucose cotransporter can generate signifi- 
cant currents which make it possible to measure 
Na+/glucose kinetics on a single oocyte [404]. The 
inward steady-state currents under voltage-clamped 
conditions were recorded as a function of the type and 
the concentration of added substrate, of cotransport 
ion (Na +), and inhibitor phlorizin at the cis side over a 
wide range of membrane potentials (+50 to -200 
mV). On the one hand, previous data obtained by 
'classic' carrier kinetics, e.g., the cotransport stoichiom- 
etry of 2 Na +/glucose and the basic electrogenicity of 
the process, were confirmed. On the other hand, new 
information led to a detailed functional description of 
this cotransport system. Although the voltage depend- 
ence of the overall transport had been characterized 
before [40,398,399], voltage-clamp experiments allowed 
the discrimination of voltage dependence on particular 
binding and translocation steps. Furthermore, the slip- 
page mode of the Na+/glucose carrier could be deter- 
mined by measurements of Na + current in the absence 
of substrate (sugar). 

These data can be rationalized by a kinetic model of 
a 6 state ordered process (Fig. 12) [403]. For the sake 
of clarity, this model is still significantly simplified, e.g., 
an ordered binding of Na + ions prior to sugar was 
chosen. This means that sugar binding (step 2) occurs 
only after association of the carrier (C 2-) with two 
sodium ions (C-Na2, step 1). Nevertheless, if all the 
measured kinetic data from various experiments were 
fitted into this model, one single numerical solution for 
the respective rate constants related to the individual 
kinetic steps, as indicated in Fig. 12, was obtained. As 
expected, reorientation of the unloaded carrier (step 6) 
is the main voltage-dependent step. However, external 
Na + binding (step 1) also proved to be influenced by 
voltage, which can be explained by assuming an ion 
(Na+)-well effect (see 4.4) [48,398,413]. The distribu- 
tion of voltage dependence on Na ÷ binding (step 1, 
30% of total membrane potential) and empty carrier 
reorientation (step 6, 70% of total potential) can be 
explained by assuming that the Na + ions sense 30% of 
the voltage when moving to their external binding site 
from the cytosol, whereas the charges (charged carrier 
C 2-) moving in the translocation step sense 70% of the 
membrane potential. Binding of Na + at the internal 
side (step 5) is voltage-independent. Under different 
conditions with respect to voltage and (internal and 
external) Na +-concentrations, various different binding 
or translocation steps within the transport cycle be- 
come rate-limiting. Furthermore, the slippage pathway 
(step 7, conformational change of the Na+-loaded bi- 
nary complex) could be quantified. Although experi- 
mentally measurable, this reaction is in fact very slow 
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in comparison to the translocation rate of the unloaded 
(step 6) and the fully loaded carrier (step 3). 

All measurements as reported above were made 
under steady-state conditions. Further, even more ex- 
citing data were obtained by measuring presteady-state 
kinetics, i.e., following current transients in the mil- 
lisecond time range after the application of transmem- 
brane voltage [403,414]. These observations were made 
in the absence of substrate (sugar). It can thus be 
assumed that the observed transient currents arise 
from the reorientation of the empty carrier (Fig. 12, 
step 6) in response to the applied potential. Therefore,  
the postulated charge movement during conforma- 
tional change of the empty carrier could be directly 
quantified. 

In summary, the elucidation of the individual steps 
within the reaction cycle of the Na+/glucose  carrier 
provided a detailed picture of the functional principles 
of a cotransporter. Principles which had seemed to be 
only kinetic formalisms so far (e.g., partial influence of 
voltage on particular steps), or had been mainly dis- 
cussed as hypothetical possibilities (e.g., ion-well ef- 
fects in secondary transport [48,413]) could be directly 
demonstrated. Thus the coupling of substrate and co- 
substrate flux, as well as the modulating influence of 
membrane potential on these coupling principles, could 
be exemplified. Investigation of this kind of charge 
movement originating from conformational rearrange- 
ment within the carrier protein is, of course, not re- 
stricted to electrogenic transport processes such as the 
Na+/glucose carrier. The influence of applied poten- 
tial has also been successfully studied with electrically 
silent transport systems like the erythrocyte anion car- 
rier [169,415]. 

6.5. Free energy coupling in secondary transport: remarks 
on the lactose and melibiose permease of  E. coli 

The/3-galactoside:proton symport carrier or lactose 
permease (LacY) from E. coli and related secondary 
carriers have been discussed in Section 4.2 with respect 
to substrate pathway and binding site(s). The studies 
using selected mutants as well as site-directed mutage- 
nesis also provided a variety of carrier proteins with 
known amino acid substitutions in which the energy 
barrier of certain steps in the catalytic cycle is dramati- 
cally changed. These mutants are ideal candidates for 
analyzing the molecular basis for coupling of the pro- 
ton-motive force to the chemical potential of the sub- 
strate by a secondary carrier protein. 

The physiological function of LacY depends on the 
fact that certain intermediates in the transport cycle 
(Fig. 1B) are not 'mobile', i.e., a conformational change 
leading to solute translocation is forbidden. In 'uncou- 
pled' mutants which transport sugar without the con- 
comitant translocation of protons, reorientation of the 

binary carrier-substrate (CS) complex must be as- 
sumed. Vice versa, in those mutants which translocate 
protons without sugar, the binary carrier-H + (CH) 
complex must be mobile. The question is now which 
amino acid substitutions can be correlated to the loss 
of the energy barrier normally preventing these reac- 
tions, and which structural consequences may be re- 
lated to these mutations. 

It has been pointed out recently [116] that the 
introduction of (site-directed) single mutations does in 
general not lead to severe disruption of the transport 
function [5]. This indicates that replacement of individ- 
ual amino acids does not perturb the protein's struc- 
ture (and function) significantly. But even when spe- 
cific functional changes could be attributed to the 
substitution of a particular amino acid, the outcome is 
often not unambiguous but may lead to 'mutational 
double effects' [116,416]. Because of the cyclic nature 
of carrier catalysis and the requirement of thermoki- 
netic balancing [417], a change in the (kinetic) proper- 
ties of one particular catalytic step necessarily leads to 
alterations in other steps, too. Thus, an observed corre- 
lation of changes in sugar recognition with alterations 
of cation specificity does not necessarily mean that the 
respective binding sites for sugar and cation are closely 
related or even overlapping, since these correlations 
may be due to the functional interdependence within 
the catalytic transport cycle [116]. 

The results on uncoupled mutants should be consid- 
ered with these reservations in mind. Several mutants 
of LacY have been found in which sugar transport is 
not coupled to proton movement, e.g., a his322tyr or 
his322phe substitution [149,418,419] as well as cys262gly 
[420]. Substitution of his322, a residue the importance 
of which has already been discussed above (4.2), by 
tyrosine led to surprising properties: the effiux of meli- 
biose is still coupled to protons whereas this is not 
observed for lactose [419]. Substitution of the same 
residue with phenylalanine slowed down the transport 
rate significantly (as in the case of the his322tyr mu- 
tant), however, uncoupled lactose transport was not 
observed. Since the functional change in L a c y  obvi- 
ously depended both on the type of amino acid in 
position 322, as well as on the kind of sugar trans- 
ported, it may be concluded that the mutation does not 
affect an H+-binding site, but is instead involved in 
sugar binding and concomitantly in the structural link- 
age to the energetic barrier normally preventing a 
conformational change without a bound proton. This 
interpretation should not regarded as unlikely, because 
there is also evidence of the unchanged L a c y  trans- 
porting sugar without protons at very high sugar con- 
centrations [421]. 

On the other hand, mutants of L a c y  are available 
which catalyze uncoupled H+-transport (e.g., substitu- 
tions of ala177 or tyr236 [152,416,422,423]). Of particu- 
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lar interest is an ala177val/lys319asn double mutant, 
because these substitutions led to a combined effect of 
an altered sugar recognition [127], together with sugar 
transport uncoupled from protons as well as H+-trans - 
port without sugar translocation [152,416,422]. Second 
site revertants for this mutation were found where 
again both the efficiency of the H+-slippage pathway 
and the sugar binding were affected [423]. 

The bacterial melibiose carrier (MelB) represents 
another well-suited candidate for these studies (see 
4.2). The peculiar property of this carrier is its variable 
specificity for the symport cation, which may be H +, 
Na +, or Li ÷, as a function of the type of the trans- 
ported sugar (ct -, fl-galactosides or monosaccharides) 
and as a function of the organism studied [424-426]. 
Besides the interesting situation of a varying ion selec- 
tivity, MelB is also an exception to the accepted basic 
kinetic model of a symport carrier in another respect. 
Whereas carrier reorientation is in general assumed to 
be the rate-limiting step of the catalytic cycle, it has 
been shown for MelB that release of the symport 
cation at the cytosolic face may in fact be rate-limiting 
[427,428]. The rate of release is significantly different 
for the three transport co-ions and is furthermore 
influenced by the membrane potential. Thus, this situa- 
tion is exactly the opposite to that discussed for mem- 
brane potential effects on Na+-coupled sugar transport 
(6.4). This peculiar property with respect to cotrans- 
port specificity makes MelB an interesting object for 
studying coupling mechanisms in secondary symport. 
Consequently, by specific selection procedures and 
site-directed mutagenesis, mutants have been obtained 
which show altered substrate and co-ion specificity 
[153,157-159,429]. Mutations of this kind were found 
to be widely distributed throughout the carrier protein. 
As observed for many other cation transporting carri- 
ers (e.g., bacteriorhodopsin, several ATPases, lactose 
permease), strategic anionic (asp) residues were identi- 
fied which are essential for cation binding [148,155, 
430,431]. As a common motif of most of these mutants 
with altered substrate specificity, changes in the recog- 
nition of one substrate were usually accompanied by an 
alteration of interaction with the second ligand too. 
These observations were interpreted as indicating func- 
tional vicinity or a least cooperative interaction of the 
binding sites for the two ligands within the carrier 
protein. In view of the considerations discussed above 
with respect to Lacy [116] where a similar situation 
was observed, however, this kind of interpretation 
should be regarded with some reservations. 

In summary, these studies show that both recogni- 
tion and transport of the two symport substrates can- 
not be changed independently. Whenever binding or 
translocation of one of them is affected, it is function- 
ally linked to a change in the corresponding parame- 
ters of the other. Obviously, this is simply another 

meaning of coupling in cotransport. The binding site is 
constructed in such a way that only after binding of the 
two substrates can enough intrinsic binding energy be 
utilized to lower the energy barrier of the conforma- 
tional change necessary for translocation. In the mu- 
tants, due to structural changes by the substitution of 
one or two amino acids, this energy barrier is now also 
significantly diminished thus allowing the conforma- 
tional transition of the binary complexes. However, a 
simple structural or functional explanation of this ki- 
netic and energetic description is not at hand [116]. 

In comparison to this, coupling in antiport systems 
seems to be somewhat easier to understand (see 4.3 
and 4.5). In the case of a ping-pong type of mechanism, 
coupling is brought about simply by connecting the 
steps of the catalytic cycle (Fig. 1A). In simultaneous 
mechanisms, the situation is basically similar to that 
described above for cotransport, only taking into ac- 
count the fact that the two ligands are located at 
opposite sides of the carrier. Finally, it should be 
mentioned that coupling in primary systems such as the 
Ca2+-ATPase has to some extent a different meaning 
(see 6.1). In this case, the two reactions (chemical and 
vectorial) can be changed independently by mutations. 
In secondary systems like LacY, the two vectorial reac- 
tions seem to involve topologically interrelated do- 
mains and thus cannot be fully separated by mutations. 

6.6. Stoichiometry in secondary transport: the glucose-6- 
phosphate/phosphate antiporter from E. coli 

On the one hand, transport stoichiometry is an 
important quality of all kinds of carriers, and has thus 
been thoroughly studied in many transport systems, 
especially in the presence of a complex stoichiometric 
situation, e.g., in the case of the eukaryotic 
Na+,K+,2C1 - cotransport system [432-434] or of 
neurotransmitter transporters [435,436]. In secondary 
transport (symport or antiport) the stoichiometry is 
intrinsically correlated to the problem of flux coupling, 
The discussion about this question has been nurtured 
by experimental observations of apparently variable 
stoichiometries in different carrier systems, e.g., in the 
case of sugar transport in algae [437] or in the lactose 
permease of E. coli [438]. It is, however, now generally 
accepted that the sugar/H + stoichiometry of the lac- 
tose permease is a fixed 1 : 1 ratio and, with the excep- 
tion of possible regulatory effects of the second sugar 
binding site (see 4.2) [121,122], experimental problems 
of indirect measurements have been made responsible 
for the observed changes in stoichiometry. 

On the other hand, there are clear examples of 
variable stoichiometry in another sense, i.e., carrier 
systems which change their coupling stoichiometry in 
order to save constant stoichiometry of charge transfer 
in transport. The best known examples of this kind of 
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mechanism are the so-called phosphate-linked trans- 
port systems [42,439,440], in particular the sugar phos- 
phate/phosphate  antiporter (UhpT) from Lactococcus 
lactis and E. coli [77,441,442], where variable stoi- 
chiometry has been determined from measurements of 
the respective net fluxes [441,443]. Due to the complex- 
ity of this system, its function has long been misinter- 
preted in E. coli. After re-examination of the corre- 
sponding system in L. lactis [444,445], its function can 
now be understood as follows: (i) the antiport reaction 
(phosphate/sugar phosphate) is always electroneutral, 
(ii) the UhpT protein is specific for monovalent phos- 
phate, and (iii) the active site accepts two negative 
charges, irrespective of whether they originate from 
one divalent sugar anion or from two monovalent an- 
ions. 

G6P 2- . ¢~ " 2 Pi- (6) 

2 HG6P 1- ~ 2 Pi- (7) 

2 HG6PI -  ~ G6P2- (8a) 

G6P 2-  
. N" (8b)  

H + 

The stoichiometry (phosphate (Pi)/sugar phosphate 
(G-6-P)) will then vary between 2:1 (e.g., at pH 7.0, 
where the sugar phosphate is divalent, see eq. (6)) and 
1:1 (e.g., at pH 5.2, where the sugar phosphate is 
monovalent, eq. (7)). Thus, under certain circum- 
stances, this system may easily be misinterpreted, e.g., 
as a simple 2 H + / s u g a r  phosphate symporter in the 
presence of a pH-gradient, i.e., reaction (8a) which is a 
correct mechanism of this carrier is formally equivalent 
to reaction (8b) [77]. Whereas it is clear that this 
protein is also included among the 12 transmembrane 
segment family [446], the interesting construction of its 
binding site is not known so far. 

The particular functional properties of this type of 
system, i.e., to conserve the mode of charge transfer in 
the translocation step, can also be observed in other 
systems. One example has already been mentioned 
above (4.3). The anion carrier of the red blood cell, 
which in its physiological mode exchanges two monova- 
lent anions (CI- and HCO3), was shown to bind an 
additional H + to a specific glutamate residue, if occa- 
sionally the divalent SO 2- was accepted as transport 
ligand, in order to keep the overall number of charges 
translocated to - 1  [188-190]. It is important to note, 
however, that this construction should not be taken as 
a general principle. A well known counterexample is 
given by some mitoehondrial carrier proteins, e.g., the 
A T P / A D P -  or the aspartate/glutamate carrier. When 
changing the substrate species they freely change the 
electric nature of the transport reaction from elec- 
troneutral to electrogenic. 

7. A unifying hypothes is  of  carrier  function: a reason-  
able concept? 

The concept of a closely similar structural organiza- 
tion has proven to be useful in understanding the 
relationships and common evolutionary origin of the 
families and superfamilies of carrier proteins (see Sec- 
tion 3). Thus interrelation not only between carriers of 
a similar type, e.g., sugar transporters [10,64] or 'facili- 
tators' [8], but also between very different transport 
systems [7,8,12,70,267,371,447] has been deduced. On 
the other hand, this principle may sometimes be 
overemphasized, therefore possibly concealing converg- 
ing evolution from different origins, e.g., possibly in the 
case of the mitochondrial carrier protein family (see 
4.7). Undoubtedly, a unifying concept has been very 
fruitful for analyzing structural interrelations. The 
question, however, arises of whether this concept is 
applicable to membrane transport in a wider sense, i.e., 
do proteins catalyzing the transfer of solutes across the 
hydrophobic barrier of the membrane fall into a com- 
mon functional family? Obviously suggestions in this 
direction [9,12,265] were stimulated by the growing 
evidence of structural interrelations. 

Similar questions have already arisen in Section 5, 
where the usefulness of a discrimination between carri- 
ers and channels was discussed. Basically similar con- 
clusions can be drawn here with respect to a broader 
view. Since the basic principle of all these 'molecular 
machines' is the catalysis of a vectorial movement of 
solutes across the phospholipid membrane, it is easily 
conceivable that there must be some common principle 
reflecting this function. At one step during catalytic 
action, the solute must move through the protein (or, 
possibly in some cases, along the protein/l ipid inter- 
face) which necessarily requires the existence of bind- 
ing sites (gates) and translocation pathways somewhere 
within the protein. In that sense, it may be futile to 
draw detailed conclusions from the observation of ba- 
sic functional similarity between a protein, specialized 
in the unspecific passage of solutes, e.g., some bacterial 
porins, and a carrier protein highly specialized in both 
substrate specificity and energetic coupling, e.g., the 
Ca2+-ATPase. If there are in fact common structural 
principles based on a common evolutionary origin, they 
will possibly be concealed by the sheer necessity of 
catalyzing the same vectorial event. Thus, in this very 
broad sense, the question is to some extent semantic 
and may, in contrast to the structural approach, possi- 
bly not help in discovering evolutionary relations be- 
tween different classes of translocator proteins. 

In a more specific way, however, the application of 
unifying concepts may in fact be useful to understand 
principles of organization and of functional strategies 
used by the cell to catalyze solute movement. In view 
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of the enormous diversity which is observed with re- 
spect to the transport substrates handled, the mecha- 
nisms used, to the type of energy coupled, and the 
coupling principles developed, the question of an un- 
derlying general principle is in fact still valid. This 
general principle has already been formulated in Sec- 
tion 2. It was expressed in the basic principle of sub- 
strate binding site(s), accessible from different sides of 
the membrane at different steps within the catalytic 
cycle, thus mediating vectorial movement of the sub- 
strate without a continuous channel open at any time. 
In addition to this, and basically independent of this 
general function of a carrier protein, we observe mech- 
anisms by which free energy is coupled to solute move- 
ment. This may be described by certain rules, which 
are of course based on structural principles and mech- 
anistic constraints, i.e., that 'mobilization' of the en- 
ergy barrier is only possible under defined configura- 
tions of the binding site, dependent on the number and 
type of the binding ligands. On the other hand, the 
vectorial reaction of a (primary) carrier may be coupled 
to chemical reactions by transformation of the free 
energy of high energy compounds first into the confor- 
mational energy of a domain of the respective carrier 
protein and finally to the specific translocator domain 
by conformational coupling. The question is now 
whether the diverse types of carriers are all organized 
according to common principles or whether there are 
different classes of carrier proteins, as summarized in 
Section 3 and discussed in Sections 4 and 6 with some 
representative examples, which are only classed to- 
gether because of similar requirements for catalyzing a 
vectorial reaction. 

Common functional principles will easily be ac- 
cepted in the case of the family of secondary carriers. 
However, let us recall some examples of specialized 
primary carriers. Very diverse systems such as bacterio- 
rhodopsin, phosphotransferase systems, and binding 
protein dependent systems, just a few years ago were 
thought to differ in their basic construction principles 
providing specialized 'molecular machines' for particu- 
lar purposes. As discussed in connection with these 
particular examples, their detailed functional analysis 
clearly showed that in fact also these individual systems 
follow the common principle in their functional design. 
This statement, however, must be taken with some 
caution. First, there may be real exceptions to the 
general scheme. When discussing exceptions, the focus 
is not so much on cases represented for example by the 
cystic fibrosis transmembrane receptor protein (CFTR). 
CFTR, although a member of the structural family of 
ABC transporters, obviously functions as a channel 
using ATP hydrolysis to some purpose (regulation?) 
other than driving the reaction [266,448-450]. It is 
easily conceivable that functional units, e.g., the solute 
pathway of a primary carrier of the ABC family or its 

ATP processing site, could have been evolutionarily 
modified to an ATP-regulated channel without the 
invention of new functional principles. 

The above mentioned reservation refers more to 
mechanisms which cannot easily be classified into the 
general scheme so far. An important example is the 
decarboxylation-driven Na + transport in some bacte- 
ria, which has not been treated here. The discovery of 
this novel type of primary transport mechanism [451- 
453] emphasizes the possibility of still unknown princi- 
ples of transport. The structure and function of this 
type of carrier has been elucidated to a significant 
extent in the last few years [454-457]. It turned out 
that, at least with respect to function, its mode of 
action is also comparable to the basic principles of 
transport mechanisms [457]. A further prominent ex- 
ample is the Ton- and the related Tol-system in the 
periplasm of Gram-negative bacteria. Although it is 
well documented that the TolB-protein couples the 
free energy of the electrochemical potential at the 
plasma membrane to transport proteins of the outer 
membrane, in order to 'energize' uptake of particular 
solutes (e.g., iron complexes) into the periplasm, its 
mechanism is still largely unknown and obviously does 
not fit into the general functional principles [458-465]. 
Furthermore, several carrier systems exist which ex- 
hibit a surprising unspecificity in handling extremely 
diverse solutes, e.g., the renal organic anion and cation 
exporters [433,466] or the eukaryotic multidrug resis- 
tance protein (MDR) [82,273,274,467]. If the suggested 
hypotheses are true, i.e., if in this case solutes interact 
with the carrier from the lipid phase [82], this would 
not only mean a different type of ligand-carrier inter- 
action but possibly also a different type of transloca- 
tion reaction. Another possible exception may be found 
in the transport of larger molecules, i.e., peptides and 
proteins, across lipid bilayer membranes. Although at 
least energetically showing some similarity to well- 
known mechanisms of transport of small solutes 
[468,469], its true mechanism(s) still remain unknown 
and may provide surprising results [470-474]. 

The reservations concerning a simple general theme, 
which have been put forward above with respect to 
possible 'new' mechanisms, should also be extended in 
another direction. A basic unifying concept should 
presumably only be applied to the general principles of 
functional construction and not to the same extent to 
details on the amino acid level. Although investigated 
thoroughly, examples of common motifs of amino acids 
or clusters of residues indicative of handling particular 
substrates (e.g., the ABC motif) or carrying out particu- 
lar functions (e.g., voltage sensing) are rare. This may 
be taken as an indication that common functional 
principles, as outlined in this review, can be carried out 
using relatively flexible construction principles on the 
molecular level. 
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