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ABSTRACT: Carrier-linked transport through biomembranes is treated under the view of catalysis. As in
enzymes, substratgrotein interaction yields catalytic energy in overcoming the activation barrier. At
variance with enzymes, catalytic energy is concentrated on structural changes of the carrier rather than on
the substrate destabilization for facilitating the global protein rearrangements during transport. A transition
state is invoked in which the binding site assumes the best fit to the substrate, whereas in the two ground
(internal and external) states, the fit is poor. The maximum binding energy released in the transition state
provides catalytic energy to enable the large carrier protein transformations associated with transport.
This “induced transition fit” (ITF) of carrier catalysis provides a framework of rules, concerning specificity,
unidirectional versus exchange type transport, directing inhibitors to the ground state instead of the transition
state, and excluding simultaneous chemical and transport catalysis (vectorial group translocation). The
possible role of external energy sources (ATP Ang in supplementing the catalytic energy is elucidated.

The analysis of the structurdunction relationship based on new carrier structures may be challenged to
account for the workings of the ITF.

Solute transport through biological membranes is an on solute transport through biomembranes has been built,
essentially catalytic process analogous to enzymatic reactiongroducing various models for the transport mechanism. With
(1, 2). Both are facilitated by proteins, which guarantee a multitude of probes, important insights into the structure
selectivity and the catalytic acceleration of their respective function relationship of carriers were obtained. Only recently
functions. Great strides have been made in understandinghave crystal structures of carriers become known, producing
the mechanism of enzyme catalysis at the molecular level, an advanced platform for analyzing translocation mechanisms
mostly due to the abundant availability of enzyme structures (4—11).
and engineered modifications of discrete residues (see the
review in ref3). Conversely, understanding of the catalytic
and molecular events in transport catalysis is less advanced
although a large often sophisticated body of kinetic studies

The performance of enzymes and carriers is inherently
governed by energetic principles, which have fundamental
Mmechanistic implications. Whereas the energetic aspects of
enzyme catalysis are quite well understod@, (13), they
have only sporadically been discussed for transport catalysis
TThis work has been supported by grants from the Deutsche (1). Here we will elaborate the energetic principles of carrier-

Forschungsgemeinschatt. : :
*To whom correspondence should be addressed. E-mail catalyzed solute transport, partially based on previously

Klingenberg@med.uni-muenchen.de. Telephone: 49-89-218075473.Published outlines 2, 14). Our treatment introduces the
Fax: 49-89-218075003. “transition state” as an essential step in transport-linked

10.1021/bi050543r CCC: $30.25 © 2005 American Chemical Society
Published on Web 05/25/2005




8564 Biochemistry, Vol. 44, No. 24, 2005 New Concepts

structural changes of the carrier. At variance with enzymes, with catalytic laws. As in enzymes, different interactions of
the transition strain or destabilization is concentrated in the the substrate with the carrier in the primary binding step and
protein rather than in the substrate, driven by optimization in the subsequent transition state remain the cornerstones
of the substrate fit to the binding site in the transition state. that facilitate transport. The nature of the transition state in
The increased level of interaction provides the energy for transport will be the key to resolving this issue.

the rearrangements in the carrier during transport catalysis. This transition state is not to be confounded with that
This “induced transition fit" (ITF) mechanism enables reported for the ATP hydrolysis site of ABC transporters
rationalization and prediction of a number of transport (18). Also, in the analysis of binding energy utilization in
characteristics; only a few of them can be elucidated here. ATP-driven cation transport of the €apump (), the

The ITF can also be expected to be a guideline for emphasis was on energy from ATP hydrolysis, whereas the
understanding the intramolecular events which emerge with catalytic effect on the translocation per se was not addressed.

the advent of carrier structures. Admittedly, here the aspect of translocation catalysis may
. ) be subordinate to the workings of the energy input into the
Catalysis by Enzymes and Carriers uphill transport.

Thg_classical view qf_ enzyme catalysis is based on the Single-Binding Center Gated Pore Model
transition state destabilization of the substrdt® (3, 15, ] ) ) )
16). In the substrateenzyme complex (Michaelis complex), ~ For the following considerations, a simple model of
the substrate does not perfectly fit to the enzyme binding transport will be used which is the obvious homologue to a
center, which is designed for a best fit of the activated SIMPe enzyme mechanism. At variance with enzymes, the
substrate. Thus, the transfer into the transition state is drivenPinding site presents to the substrate two “opposite” aspects
by the enhanced binding energy of the strained substrate d€Pending on the opening of the access paths to either side
Concomitantly, the enzyme may undergo a limited local of the membrane an_d resulting in different mteractlons.wnh
structural adaptation to optimize the fit between the catalytic the substrateThe switch between both states accomplishes
residues and the strained substrate. However, it is favorabletn€ substrate translocation. Various molecular models have
for catalysis that the changes in the enzyme are minor; i.e.,0€€n proposed on the basis of elaborate kinetic studies of
the binding center a priori has a configuration largely transport systems (see reviews in reif8—21) or more
complementary to the final transition state of the substrate SPeculative ground=2@, 23), but it was with the ADP/ATP
(12). carrier of mltt_)chondrla that a smglg—bmdmg center gatgd
In some enzymes, the induced fit of substrate binding POré mechanism (SBGP), less precisely called “alternating
improves binding by aligning residues with the substra®@. ( access me'chanlsm"’Z was fl'rst e_stabllshed on a carrier level,
It precedes the formation of the Michaelis complex and based on side specific inhibitor ligands-27) (Figure 1A).
increases the specificity of substrate selection. In other cases?Vith two different highly effective inhibitors specific for
induced fit may serve to prepare it for the transition state. € cytosol or matrix side, the ADP/ATP carrier population
In both cases, the changes at the binding center distractcould be switched entirely from the “external” to the
energy needed for the substrate distortion in the transition Intérmnal” state or vice versa, provided that substrate ADP
state, thus lowering catalytic efficiencyd). Besides increas- ~ OF ATP were present. In this “c to m state” transition, one
ing specificity, induced fit might have evolved for regulatory substr_ate_ molecule per ADP/ATP carrier was translocated.
purposes, transforming the enzyme from the inactive to active The binding of the substrate triggers a coordinated, global
state, which is again detrimental to catalytic efficiency. These conformation change of the transmembrane path by which
considerations of substrate-induced conformation changesth€ entry branch is closed and the opposite branch opened
will be relevant for understanding substrate-induced carrier fOr the exit of the substrate. This alternating access amounts
conformation changes in transport catalysis. to a gating of the translocation path on either side of the
For approaching catalysis of transport, it is useful to first Single binding site. o
concentrate on cases in which catalysis is isolated from the _These results showed the critical importance of substrate
superimposed chemical and electrochemical energy inputs Pinding in triggering the transition between the two states
Here, as with enzymes, the interaction of the substrate with gnd concomitant gating. Whlle the requirement for substrate
the carrier is the principal source of catalytic energy. 'S not absolute, it is dominant in the obligatory exchange
However, at variance with enzymes, the substrate is notYPe Of transport (solute counter transport), e.g., ATP/ADP
chemically altered but instead translocated across a mem-carrier or CI/HCO,;™ exchanger. In unidirectional transport,
brane. Given these contrasting prerequisites, the question of*emPplified by the glucose facilitator, gating can occur also
how the interaction of the substrate with the protein translates Without substrate binding. However, here and in other typical
into efficient transport catalysis arises. transport facilitators, the_ “r_e_turn” rate of th_e empty carrier
Because of the absence of a chemical reaction, in transporfS |ower and thus rate-limiting due to a higher activation
the intervention of a transition state has been largely ignored Parrier without substrate binding. As a result, in an imposed

and the analysis of transport from the viewpoint of catalytic €xchange mode, exemplified by the glucose carrier in
energy balance has received little attention. However, also€"ythrocytes with sufficient substrate on both sides of the

in transport catalysis, a transition state has to exist, even withmembrane, transport reaches a much higher rate than in the
ephemeral stability, to provide the catalytic energy in line Physiological unidirectional mode2g).

Induced Transition Fit

1 Abbreviations: ITF, induced transition fit; SBGP, single-binding . . .
center gated pore; ABC, ATP binding cassette; AAC, ADP/ATP carrier; [N the described SBGP (Figure 1A), the catalytic aspect,
Ay, membrane potential. i.e., the question of what enables the carrier to translocate a
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Ficure 1: Schemes of substratearrier interactions in transport AG "\ catalytic
catalysis. For a clearer presentation, a large substrate was chosen. ., energy
(A) Single-binding center gated pore mechanism (SBGP) (from ref

29). After receiving the substrate from the external side, the binding
center switches to the inner face to release the substrate and vice
versa. Side specific differences of the substrate interactions with
the binding center are emphasized. (B) Induced transition fit.
Variable binding fit and the transition state{{&) are added to
the single-binding center gated pore mechanism. A poor fit of the ) . . .
substrate to the binding site in the external)(@nd internal (¢) FicURe 2: Energy diagram of simple models of carrier and enzyme
ground states but a perfect fit in the transition state of the carrier Catalysis. In the case of both the carrier and the enzyme, the energy
(CrSr). The gating regions involved in opening and closing of the changes are small upon formation of the binding complexes (CS
transiocation path on either side of the binding site are highlighted O ES) because of the poor fit but are large going into the transition
in gray. In the transition state, the forces originating from the State, thus largely compensating for the catalytic barrier. In transport
binding center to drive the gating are represented by arrows. The Catalysis, the activation barrier is largely due to energy needed for
binding site offers different aspects to the substrate in thar@ the drastic carrier changes; in enzyme catalysis, the barrier is largely
C; states. Arrows illustrate the feedback from the substreerier caused by the energy needed for the substrate activation. The barrier
interaction to the gating regions (only part of the transmembrane ©f uncatalyzed reactions (dashed lines) is leveled by the substrate
protein with the translocation path is shown). proteins interaction energy used as catalytic energy (solid lines).

substrate, is not addressed. The energetic balances of the . .
substrate-carrier interaction and of the carrier transformation " the rearrangements. The size of these confprmaﬂon
are at the core of the catalytic problem. A fundamental changes will depend among other factors on the size of the
treatment of transport catalysis can be obtained by introduc-SUbStrate' o . o
ing the transition state and a variable substraetein An energy profile diagram illustrates the implications of
interaction, as illustrated in Figure 1B)( As in enzymes, the induced transition fit (ITF) for transport catalysis and
initially the binding site in both the “e” and “i” states should the fundamental difference of the energy redistribution as
be only partially commensurate to the substrate so that thecompared to enzyme catalysis (Figure 2). In the e or i state
potentia' b|nd|ng energy is not fu”y exp|0ited_ In contrast W|th0ut Substrate, the Cal‘l‘ler. IS 1IN a Stable Conf|gurat|0n,
to enzymes, in the transition state the substrate remainscorresponding to a comparatively low energy level. When
basica”y unchanged’ and instead, the Configuration of the the substrate bindS, the limited interaction with the carrier
binding site is transformed into an optimum fit to the (CcS) assumes an only slightly changed energy level,
substrate with a concomitant narrowing or closure of both Which is the balance of energy required for a minor
gates. The transition activation is focused on the protein andconformation change plus the entropic energy for the
not on the substrate. The maximum intrinsic binding energy Substrate immobilization, all paid by the intrinsic binding
released in the transition staterds channeled into the ~ energy. Since at this stage the binding is imperfect, the
machinery of the carrier structure programmed to induce COmplex does not stabilize in an energy trap.
precise global changes which transform the binding site from  The same holds for a typical simple enzyme catalysis. A
the external to the internal face. In parallel, the gates are fundamental difference is seen in the transition state, where
opened and closed at opposite sides of the binding centerthe activation energy barrier is primarily due to global
In the transition state, the carrier is in an “active” conforma- changes in the carrier structure, whereas in enzymes, the
tion ready to flip into the i or e state (S, or CS, barrier is imposed by the substrate deformation in the
respectively). transition state. These changes require substantial energy
This substrate-guided flexibility is not to be confounded input, represented by the high transition state energy level
with free movements in a loose structure; instead, the carrierof the unloaded carrier. The barriers are largely leveled by
should follow a precise trajectory of structural changes the high intrinsic binding energy released from the intimate
concomitant with the translocation. Gating and binding substrate-protein interaction in the transition state. The
optimization in the transition state are inherently connected energy difference represents the catalytic energy for
to these movements. Judging from the few available struc- transport or product formation. From here, the carrier
tures, mutual shifts, rotation, and inclination changes of proceeds to the internal ground state and the enzyme to its
transmembrane sections may turn out to be a major featureoriginal state.
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Ficure 3: Energy changes segregated for the carrier (C) and substrate (S). (A) After primary bingintn&$artial immobilization
increases the virtual energy level of the substrate due to a decrease in entropy. The parallel energy change of the carrief)islmall (C
intrinsic binding energy ($+ C, — S,C) release of the performed binding partners surpasses these energy requirements, resulting in a
small extrinsic binding energy. (B) Once the reaction proceeds to the transition state, a further entropy loss of the optimally docked substrate
increases the virtual energy level of the substrate further{Sr), whereas the large rearrangement of the carrigr¢CCr) requires a

major virtual energy input. The intrinsic binding energy released in the transition state (3 — SrCy ) is largely due to the optimum

fit, and levels the overall energy requirement (SC. — SrCy).

An analysis of how the energy requirements are compen- As in enzymes, the transfer to the transition state
sated by the intrinsic binding is represented in a diagram
which segregates the contributions from substrate and carrier Lo e
(Figure 3). The primary binding energy is broken down into CeSe— G5y
the parts of first bringing the substrate and carrier into the
binding state (§— S,, C. — C) followed by the “intrinsic” and
binding (& + C, — S,C). For the substrate, the energy
requirementAGg is mainly entropic due to restriction of the cs ke CS;
substrate movement. Because of the poor fit, the substrate :
still retains some freedom and the energy change is not large.

For the carrier, the conformation change with first-stage Should be rate-limiting. The magnitude of the protein

substrate binding is very small. The limited intrinsic binding €arrangements will be a major determinant for these rates.
energy is able to compensate for these energy requirementsThe substrate size may _be one factor mflu.encmg the c_hanges
In the transition state, the optimum fit further restricts and thus the translocation rate. Indeed, in a comparison of

substrate freedom, requiring more energy<SSy), but the the turnover rates with the molecular weight of the substrate
major energy demand comes from the virtual transfor- of four different exchange carriers (for@HCO—3, glucose,.
mation of the free carrier to the transition state (€Cr). lactose, and ADP/ATP), using widely different substrate sizes

The high intrinsic binding energy released from formation anging from~36 to 500, under conditions of maximum
of the transition complex pays for these energy inputs catalytic rates without external force, a linear relation of the
(Cr + Sr — C:Sy). logarithmic turnover to the molecular weightl{) emerges
Depending on the energy levels of the carrisubstrate 109 K = (0.72 x 107%)M, + 6.5]. The coefficients can be
complexes, the carrier will be distributed between ground interpreted in terms of rearrangement energy and entropic

states €S, and S and transition stateSy. Since the ITF factgrs (M. KIingenbgrg, ynpublished results). Si'nce thgse
ensures a smooth energy profile, thgSg— CrSy < C'S| carriers are located in different membranes, this relation
1 1

distribution will be highly fluid. In most cases, the population aPPears to be valid not only for different types of exchangers
in the transition state may be low due to a somewhat higher Put also for different environments.

energy level. Although the configurations of &d G are Recent crystal structures of carriers including the AAC
quite different, upon formation of substratearrier com- are in agreement with the SBGP and discard tandem- or
plexes their energy levels may be similar to ensure maximum multiple-binding site modelsx-7, 9—11). However, these
catalytic efficiency in an exchange system. Thus, at saturatingstructures represent only one fixed state, in some cases
substrate concentrations, the distribution betwegh @nd stabilized by an inhibitory ligand, and thus, the alternating
CiS may be even, whereas at nonsaturating concentrationsaccess has not yet been demonstrated. In the structure of a
or in the absence of substrate, the carrier will exist as putative glutamate carrier homologue, the substrate seems
relatively stable and well-segregatedaid G. The distribu- to be occluded9). It is still inconclusive whether this might
tion between Cand G depends among other factors on the represent a transition state. The occluded state of cation
ratio of internal to external substrate concentrations. In an pumps generated by arresting the ATP hydrolysis cycle may
exchange system, the affinity ratio of the two exchanging represent a fixation of the transition statg0(31) (see
substrates Sand S also will be a factor in this distribution.  below).
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Ficure 4: Binding of substrate site inhibitors to carriers according to the induced transition fit mechanism. Transport inhibitors bind to the
ground states or induce abortive ground states, but do not bind to the transition state. (A) lllustration of the good fit of inhibitors to the
binding sites in the ground state. Inhibitors of the e and i states must have different structures. The binding site in th@nhéoitier

complex has the same configuration as in the ground state depicted in Figure 1B. (B) Large inhibitors may change ground states into a
more open configuration, called abortive ground states of the carfan€ G, a configuration “more distant” from the transition state.

(C) Energy profile of inhibitor binding (binding only to the.Gtate is shown). The good fit of the ligand to the ground state of the carrier
allows the release of the high binding energy, leading to tight binding (for simplicity, any entropic energy requirement is neglected). Larger
inhibitors inducing abortive ground states depending on their structyre- (C— C€'l) can have a range of binding energies, depending

on the balance of conformational change and intrinsic binding energy.

Specificity and Inhibitors the binding center may adopt extreme configurations which
we have called “abortive ground states”. As a result of this
ligand-induced adaptation, the selectivity can be increased.
The “extrinsic” binding affinity can vary depending on the
structure of these ligands. The ADP/ATP carrier of mito-
chondria affords a paradigm of ground state inhibitors with
(carboxy) atractylate targeting the e state and bongkrekate
the i state 24, 33). They share with ADP and ATP three or
four negative charges but, being chemically different, a barely
similar molecular shape. Their larger size engages more
bonds and may induce the binding site into abortive ground
3tates. With their different structures, they reflect the different
' binding interfaces in the e and i states.

Under these conditions, the binding sites in the two states
provide large “chemical spaces” for the development of
ligands and the design of substances which inhibit carriers
S\{vith high selectivity, thus posing a challenge both for nature
and for man. The development of drugs, bactericides,
pesticides, or herbicides, for targeting transport systems has
to be cognizant of the ITF by taking into account the
postulate that substrate site inhibitors of carriers differ from
ethose of enzymes.

The ITF mechanism of carrier catalysis has several
important consequences for carrier functions, only some of
which can be discussed here. According to the ITF, in the
transition state the structure of the carrier-binding center must
be complementary to the substrate. The degree of optimiza-
tion in the transition fit, not the fit to the ground states,
primarily determines the substrate specificity of transport.
Thus, more efficient catalysis, reflected in high translocation
rates, should be related to accentuated substrate specificity
In an exchange system, one of the two exchanging substrate
will have a less precise fit and thus be rate-limiting. Again
this straightforward relation only qualifies for the basic
catalytic conditions, in the absence of superimposed driving
forces.

Given the limited substrate fit to ground statesa@d G,
certain substrate analogues or related compounds may exi
with better complementarities to the ground state. These
substances exhibit additional contacts and better “fill” the
site than the transported substrate as illustrated in Figure 4A.
With a good fit to the ground state, there is no incentive to
enter the transition state. Being stuck in an energy trap, thes
compounds are not_transported, g_nd the_zy will be inhibi_tors Exchangeversus Unidirectional Transport and Aet
of transport as previously exemplified with glucose deriva- Transport
tives for the glucose transporter, depending on the binding
affinity (32). Thus, at variance with enzymes, in carriers  The ITF influences the working conditions of exchange
substrate analogues may form “ground state inhibitors” but versus unidirectional transport. Exchangers are the transport-
not “transition state inhibitors”. The structure of these ers par excellence, clearly set apart from channels, since they
compounds should mirror the configuration of the ground most consistently fulfill the criteria of carrier-catalyzed
state binding sites. Given the different aspects of the e andtransport. Frequently, they meet or approach the facilitating
i ground states, there should exist two groups of potential type of transport, whereas in unidirectional transport, the
membrane side specific inhibitors32). The structural  facilitating mode is rare and occurs mostly as active transport
differences of the e and i state inhibitors should yield driven by superimposed forces.
information about the binding site interface in these “op-  For the “pure” unidirectional facilitator case, in line with
posite” ground states. These compounds, often being largerthe ITF the return branch of the “empty” carrier is generally
than the substrates, employ a more extended interfacerate limiting, lacking catalytic energy from substrate binding
releasing more binding energy. to permit adequate overall rates. It follows from the ITF that

There are indications that because of the high flexibility, unidirectional transport is associated with comparatively
the binding center can be modulated in the e and i ground smaller conformation changes so that the activation energy
states under the influence of some inhibitor ligands. Thus, barrier for the empty hemicycle remains at a sufficiently low
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level. The smaller substrate-induced change results in a lesgrotein rather than ATP which recruits catalytic energy for
precise fit and consequently in lower specificity. Thus, as a the phosphate transfer not from the substrate site but from
rule, substrates with weak interactions and/or small molecularthe proteir-protein interface, thus circumventing the op-
size are preferred by unidirectional facilitators. posing energy source requirements for enzymatic and trans-
How can we integrate external energy supply, driving location catalysis at the substrate site.
“uphill” transport into the realms of the ITF? Only a brief . , e
glance at this important question is possible here. External Induced Transition Fit Exemplified in the ADP/ATP
energy transfer, by membrane potential or ATP hydrolysis, Carrier of Mitochondria
mainly serves to enable uphill transport against osmotic and The ADP/ATP exchanger (AAC) of mitochondria qualifies
electrochemical gradients. We propose that ATP or mem- with a variety of functions as a paradigm for demonstrating
brane potential may also serve, additionally or exclusively, the ITF mechanism of carrier catalysis. Although the
to compensate for the lack of binding energy in particular exchange of ADP/ATP across the inner mitochondrial
in the substrate-less “empty branch” of the unidirectional membrane is driven by membrane potentily{) by
transport cycle by supplying catalytic energy to the trans- exploiting the charge difference between ATRnd ADP-,
location. The same mechanism by which ATP drives the the AAC also catalyzes electroneutral homoexchanges
delivery of the substrate, i.e., by skewing the binding site between ADP or ATP only37). These unproductive modes
toward one of the two ground states, may also decrease theare important for the autoregulation of the AAC by the
barrier inherent to the transition state. Catalytic acceleration ADP/ATP ratios in vivo, as they occupy to a variable degree
is advantageous even if the invested energy is not recoveredAAC transport capacity, thus decreasing the productive
in a gradient. This external energy-driven catalysis may be AW-driven heteroexchange. Exclusive homoexchange can
dominant in electroneutral ATP-dependent transport as in be studied in vitro with isolated mitochondria or reconstituted
some ABC transporters. ATP causes drastic conformation AAC-containing vesicles3g, 39), and thus, the\W influ-
changes in the nucleotide binding domains which translate ence can be separated and pure transport catalysis studied.
into the reorientation of the substrate sites in the trans- The rates of homoexchange an¥-driven heteroexchange
membrane domainin cation pumps, most of the ATP  are similar, attesting to the high efficiency of the transport
hydrolysis energy is invested into electrochemical gradients. catalysis in the AAC. The transport of the large and highly
But the transition state exemplified by the “occluded states” charged molecules requires large structural rearrangements
of cation binding indicates ATP-driven binding enhancement in the AAC and a correspondingly high-energy input from
for catalysis. This contribution may be more accentuated for substrate binding in line with the ITF. In the AAC,
the electroneutral branch of the exchange cycle, i.e., the K nucleotide-protein interactions have evolved particular
import by the Na/K* pump, in accordance with a preferred  strength by exploiting the full charges of “naked” ABRor
Rb" occlusion 80). Energy requirements for the conforma- ATP*~ without the intervention of M§ (24). In addition, a
tion changes to drive the cation uphill and to facilitate high selectivity for adenine reflects a precise fit of the base
transport are entwined. Focusing on the exclusive use of themoiety with numerous bonds. This cumulative high binding
external energy for uphill transport may fail in understanding energy is necessary to pay for the equally high energy
of the interaction of the cations with the protein. demand of the large structural changes associated with the
translocation of large substrates. Thus, the paradox of the
low affinity of nucleotide binding and unusually high
Originally, the concept of vectorial group translocation specificity of transport is accommodated well by the ITF,
seemed to be a deceptively elegant variant of active transportresulting from a weak initial binding fit and a highly selective
By integration of a chemical transformation with substrate and optimum fit in the transition state, respectively. Here
transport, the energy released from the chemical reactionthe large intrinsic binding energy is consumed by the
drives the import. A membrane-embedded enzyme combinesextensive rearrangements of the AAC.
the chemical and vectorial reactions so that the substrate The transport rates are indicative of the efficiency of
enters and the product leaves at opposite sides of theenergy compensation in the ITF. In view of the large energy
membrane. Mitchell34) elaborated the group translocation components that are involved, the balance between confor-
and called it a “chemiosmotic” process. According to the mational and binding energy is delicate. With this in mind,
ITF mechanism, vectorial group translocation is unfavorable a comparison of transport rates of the AAC with other
with respect to transport catalysis since chemical and nucleotide transporters, having similar structures, underpins
transport catalysis would counteract each other because othe workings of the ITF. As compared to those of carriers
opposing requirements for the configuration of the binding in general, the transport rate of the AAC is low at
site in the transition states. In other terms, the binding energy ~15000x«mol min~ (g of protein)* at 25°C (40) since the
at a single site would not be able to sufficiently sustain both extensive rearrangements conditioned by the large substrates
types of catalytic energies. In fact, vectorial group trans- prolong the catalytic cycle. Although using nearly identical
location, once considered to work in several membrane- substrates, the rates of other intracellular, mostly mitochon-
bound reactions, has not been confirmed in a strict sensedrial nucleotide transporters are even distinctly lower:
for any case. Originally, the PTS system for transport of between 500 and 9Q@mol min* (g of protein)* [exchang-
sugar into bacteria was regarded as vectorial group transferers for deoxy ADP/ATP 41), for GDP/GTP 42), for
(see the review in re35). However, in the membrane-bound ATP-Mg/R, (43), and for ADP/ATP in peroxisomesgi4)].
“lIBC” subunit, where the sugar is transported and phos- This divergence can be accommodated with the ITF,
phorylated, transport and phosphorylation sites are separateonsidering the different intrinsic binding energies; instead
(36). Interestingly, the phosphate donor is a phosphorylated of using the fully charged nucleotides as in AAC, the

Vectorial Group Translocation
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negative charges are partially neutralized bydd by Mg?*

in the alternate nucleotide carriers. The decreased electrostatic
interactions provide less catalytic energy, although the
transport using similarly sized molecules should be faced
with a similarly high activation barrier. Further, these carriers
have a lower selectivity for the base moiety than the AAC,
reflecting a less perfect substrate complementarity of the
binding site. The inability of the highly effective AAC
inhibitors, (carboxy)atractylate and bongkrekate, to inhibit
any of the alternate nucleotide carrier also testifies to the
differences of the nucleotide binding center. In conclusion,
with AAC being endowed with an exceptional intrinsic
binding energy, its characteristics respond, in line with the
ITF, to the high transport demand of ATP supply in the cell.
The less perfect catalytic energy balance and resulting lower
rates in the alternate nucleotide carriers are in accord with
their role in the regulation of mitochondrial and peroxisomal
nucleotide homeostasis.

The comparison of nucleotide binding to that of the
similarly structured uncoupling protein (UCP) provides a
further illustration of the workings of the ITF. In UCP purine
nucleotide (G-, A-DP/-TP) are powerful inhibitors ofH
transport. As in AAC, they bind with their full negative
charge and no involvement of Mg(45). In contrast to that
of AAC, the binding affinity is high Kp ~ 1077, depending
on pH) and binding is strictly confined to the c side. Also at
variance with AAC, nucleotides induce a higher resistance
to proteases, reflecting a more rigid structure in line with
their inhibitory function. The higher binding energy in UCP
results from the balance between the intrinsic binding and
the input for the structural change into the inhibited state. It
stands to reason that this is more extensive than the structural
changes in the AAC4p).

Conclusions

Substrate-protein interaction, elucidated with the novel
concept of induced transition fit (ITF) at the core, provides
the catalytic energy for the transport. The energetic and
molecular constraints generate specific rules for transport
characteristics and for substratgrotein complementarities
according to whether the ligand is transported or acts as an
inhibitor. Although the ITF is most clearly evident in
transport facilitators using intrinsic binding energy, it is
proposed that in ATP- oAW-dependent transport external
energy may also be used to maximize the transition fit. The
molecular changes implicated in the ITF will be a guideline
for analyzing the dynamics of the substrate binding site with
the advent of carrier structures.
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