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Abstract. The extraordinarily low substrate specificity which the carrier site is immersed) can explain a recentl
of P-glycoprotein conflicts with the notion that specific proposed uphill flow of water.

substrate interactions are required in the control of the

reaction path in an active transport system. The diffi-Key words: Coupling mechanisms — Binding energy
culty is shown to be overcome by a half-coupled mecha— Half-coupling — Flippase — lon/water cotransport
nism in which the ATP reaction is linked to carrier trans- — Polytryptophan

formations, as in a fully coupled system, but in which the

transported substrate plays a passive role. The mechéatroduction

nism, which requires no specific interaction with the sub- . .

strate, brings about uphill transport. A half-coupled Resistance of cancer gells fo cytotoxins can be brougt

mechanism is directly supported by two observations: (i)abOUt by P-glycoprotein, an ATP-driven pump that ex-

almost completely uncoupled ATPase activity in purified pels chemical agents used in chemotherapy [3, 14, 3!
47]. The system is unselective, most substrates neve

P-glycoprotein, and (ii) a pattern of substrate SpeCiﬁCityhaving been encountered by the organism before. Sul

like that of passive systems, where maximum rates for di idelv in chemical . lecul
different substrates vary little (unlike active systems strates ifter widely in chemical structure, in molecular

. . 'weight, and in shape; typically they are hydrophobic,
where maximum rates vary greatly). The mechanism ac-

PR TR amphipathic, and contain a planar ring system, but ther
commodates other findings: partial inhibition of ATPase are exceptions; most are positively charged but some al
activity by an actively transported substrate; simulta-

bindi d | . ‘ h bneutral. Oddly, two different substrate molecules can b
neous ml mgla.n t:jans_oca:tlo_n 0 mprﬁ_;gn onfe iu bound at once [50], and the pair may be transportec
strate molecule; and stimulation or inhibition of the ¢agie than either alone [38]. In the case of drug mol-

transport of one substrate molecule by another. A halfy. les and certain oligopeptides, the binding sites ar

coupled system associated with an internal competitivgenarate but adjoining [42], which shows that interactior
inhibitor should behave as if tightly coupled, in agree-\yith a particular part of the translocation site is not re-
ment with the effects of the synthetic peptide, polytryp-quired for coupling. Even chemosensitizers, which
tophan. The degree of coupling in the intact system igounteract the resistance mechanism by interfering witl
yet to be determined, however. A half-coupled ATPaseqrug export, are probably transported substrates; the
mechanism could originally have evolved in a flippase,effective competition with other substrates may be due t
where immersion of the carrier in its substrate, the memtheir rapid diffusion, and recycling, within the membrane
brane lipid, precludes uncoupled ATP hydrolysis. Thesepjlayer [12, 38].
concepts may have wider application. Anuncoupled an-  The low specificity essential in a carrier of such
tiport mechanism, driven by a proton gradient rather thanyide-ranging capability is retained by the isolated pump
ATP, can explain low selectivity in the SMR multidrug and is therefore intrinsic. Clearly, the translocation step
carriers of bacteria, and a half-coupled mechanism foin which the substrate is carried across the membrane,
the ion-driven cotransport of water (the substrate ininsensitive to the structure of the substrate. Yet in active
transport this step is expected to be specific. The reasc
it should be so is that control of the reaction sequence i
I a coupled process depends on systematic changes in t
Correspondence toR.M. Krupka properties of the carrier, which have to be brought abou
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through interactions with the substrates; a shift in theboth of red cells, exhibit fundamentally different patterns
state of a carrier protein will depend on multiple inter- of substrate specificity. With the first, the maximum
actions of the substrate at the binding site and shouldates for different monosaccharides are much the sam
therefore involve complimentary structures and a highbut the affinities are up to 9,000 times lower than with
degree of specificity. glucose; with the second, the affinities of various anions

All things considered, the low selectivity of the mul- are little different from those of the true substrates, bu
tidrug carrier is puzzling. In contrast to a coupled sys-the maximum rates are up to 10,000 times lower [20, 21]
tem, a mechanism is called for in which carrier move- In explaining the Contrasting behavior, we should
ment is little affected by the structure of the substrate, ofirst be clear about the basis of coupling. An asymmetric
even the number of substrates, occupying the translocanechanism, one with much lower substrate affinity on
tion site. Two things, which may be connected, come tothe unloading than the loading side of the membrane
mind. First, in ordinary facilitated (i.e., passive) trans- ayoids tying up the carrier as the product complex, bu
port, the free carrier rotates in the membrane about agoes not, by itself, produce a concentration gradient; a
readily as the substrate complex does; it follows that theyroof, a passive system, the carrier model for example
translocation step must be largely independent of th&an pe asymmetric. Nor is an intermediate in the reac
substrate and could, therefore, be unselective. Secong|g, sequence that incorporates the energy of the pho:

purified preparations of P—glycopr.otein have alrn.ostphate bond of ATP necessary. On the contrary, higt
completely uncoupled ATPase activity [42], from which energy intermediates, which by definition are relatively

it may be inferred that the processes of substrate MOV&;stable and therefore form slowly, as well as low en-

ment and ATP hydrolysis are partly disengaged. ergy intermediates, which are relatively stable and there

Could translocaton of the substrate be a passive Ste\%re react slowly, only depress the rate of turnover by

. . > Th: :
wilﬁb(z—:‘ogoilciidﬂipr re?:cru?: tshequtrairric? .I Th'idql’rfsigo'}orming bottlenecks in the reaction. The general conclu-
coupled aﬁd uncoSp(Iaéd trgnspo?t ptog(;&gf wuith ih)e! ir?1_sion is that the rate of transport or of enzyme catalysis i

e N : optimal if all intermediates are about equally stable,
plications fo_r_s_ubstrate speC|f|C|ty_, we find that the pat- a(F:)hieved by using substrate binding forcec; to Z\djust er
tern of specificity of P-glycoprotein is that of a passive,

not a coupled, system. And we are able to show, from af'¥ Ieyels .[1’ 18]. . .
examination of the kinetics of ATPase models, that Quite simply, active transport depends on a linkage

mechanism in which the transported substrate plays etwgen a d_rivirjg process, ppised at disequilibrium bL.J
passive role, accounting for low selectivity, can still S€€King equilibrium, and a driven process, entangled i

pump the substrate uphill. With the translocation stepthe first and dragged toward disequilibrium. For cou-

passive and the substrate binding region large, there is rfdiNg: the two processes are combined in a single reac
reason why two substrate molecules should not pdion sequence, whose free energy change is that for bot

handled at once, with either positive or negative interac-1N€ transport protein is required to guide the reactior
tions between them. The analysis reveals that with sub@/ong the coupled path, cutting off uncoupled side reac
strates of very low affinity the half-coupled system has ations, and this depends on abrupt changes in specificity
double advantage over a coupled system, eliminating th&obility, and catalytic properties in the course of the
requirement for specific interaction and, in taking up thereaction. Partial changes result in slippage, which is the
substrate, making full rather than partial use of availableuincoupled reaction, one process without the other. Th
binding interactions. The analysis also shows that a halfcoupled reaction scheme in Fig. 1 illustrates the point
coupled mechanism behaves as if tightly coupled if the=or the substrates to add to the carrier in ordérfirst,
driving reaction is blocked by an endogenous inhibitorS second—the specificity of the carrier must change: the
that competes with the driven substrate. free carrier binds only the first substrafg, while the
Not all drug export systems are driven by ATP. binary complex bind$SandT. The mobility of the car-
There are comparably unselective carriers in bacteriajjer is also required to change: the free carrier is mobile
including the SMR family of multidrug efflux proteins, (it has the ability to turn about-face in the membrane);
which are driven by a proton gradient. The electrogenicthe complex with one substrate is immobile; and the
mechanism is antiport, with substrates exchanging for H complex with both substrates is mobile again. But for
[15, 25, 29]. Here, too, a mechanism involving passivethese shifts, the system would fail: if the free carrier or
substrate movement is found to account for low specithe ternary complex were immobile there could be no ne

ficity and uphill transport. transport, and if the binary complex were mobile, the
system would be uncoupled¥would be transported in
Active and Passive Transport Mechanisms the absence ob

Shifts in the state of the carrier, it can be shown,
The passive glucose carrier and the tightly coupled chlowould have to be driven by changes in substrate bindin
ride-bicarbonate exchange carrier (the anion exchangergnergy. Once the substrate has added to the carrier in
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Fig. 2. The carrier model. For net transport, both the free carrier and
4 f3 4 the substrate complex must be mobflex f, andf_, = f_,). If only the
CoTS —_— C;TS complex is mobilefq = f_, = 0) there is no net transport; inward an(_:i
] f outward substrate movements are then coupled, and the system is
-3 obligatory exchanger.

Fig. 1. A cotransport model for substrat&sandS. The carrierC is a

mixture of outward-facing and inward-facing forn@, andC;, respec-  the passive system the rate of carrier movement is largel
tively. T_he sub_s_trates add i_n orddrfollowed byS_CoupIi_ng_depg_nds independent of the substrate, and therefore any needk
on the immobility of the_ binary complex, that is, on its inability to specificity must be achieved in the binding step; hence
undergo an about-face in the membraggT to C.T. good and bad substrates differ in affinity, not rate. In the
coupled exchanger, movement of the carrier is catalyze
by the substrate, and the greater the increase in bondir
energy in the transition state complex, the faster the rat

; g. 1). Potential binding interactions should not be
lyze the transformation O_f one state to another, such a quandered in the first complex but should be used in th
the gbout-face .Of the carrierin the membrane. The Iarge{ransition state, and as binding here does not affect th
the increment in binding energy, the more complete, or, !

the faster, the change, and the higher the ratio of couple%ﬁm'ty’ good and bad substrates should differ in rate, no

. ; ffinity.
to uncoupled rates. The relationship may be expresse :
as follows: [19, 21, 22, 23]; It would be wrong to conclude, however, that in

passive transport the rate of carrier movement is absc
lutely fixed. On the one hand, large substrate analogue
Ratqcoupled/Rauncoupley = Kinitial state/K(tinai statg (1) that protrude from the translocation site can sterically
interfere with carrier movement. In the case of the cho-

whereKiial state @NAK finas statg are substrate dissocia- line system of red cells, an analogue slightly larger thar
tion constants before and after the transformation. Théhe substrate may be transported slowly and have lo
equation applies to primary active transport, secondargffinity. A still larger analogue, containing a nonpolar
active transport, and exchange transport. Tight couplingubstituent that is strongly adsorbed outside the substra
is seen to depend on large increments in binding energgite proper, may have much higher affinity than the par-
and, therefore, on an array of interactions, some in thent molecule and yet completely block the translocatior
initial complex, some in the second. Hence, bondingstep; it is then an inhibitor—a nontransported substrat
should be specific. analogue [8]. On the other hand, the true substrate, of
In a passive system, carrier movement can be indefering no interference, may increase the rate of carrie
pendent of substrate binding forces. The reason is apnovement, making exchange faster than net transpor
parent in the carrier model in Fig. 2, where net transporiThe acceleration factor is at least 2 for the glucose carrie
depends on both the free carrier and the substrate conf51] and at least 5 for the choline carrier [8], both in red
plex being mobile. If the free carrier were immobile, the cells; nevertheless, net transport rates for good sul
system would only catalyze exchange, the exit of onestrates, being limited by movement of the free carrier, are
substrate molecule coupled to the entry of another, theimilar. Obligatory exchange and facilitated transport
rate of which will depend on the substrate’s ability to systems are seen to differ only with respect to the relativ
catalyze the about-face of the carrier. Catalysis can benobility of the free carrier and the substrate complex.
shown to depend on increased substrate binding energhhe implication is that active and passive systems are nc
in the transition state, and in this cal$g, swrg in Eq.  fundamentally different, an idea in accord with the find-
1 represents the virtual dissociation constant for the traning that active and passive carriers for the same substra
sition-state complex. may belong to a single gene family and have similar

The contrasting patterns of specificity in the coupledamino acid sequences.

anion exchanger and the passive glucose carrier can be In all forms of coupled transport, not just exchange,
understood in the light of these prinicples [20, 21]. Inrates depend on substrate binding forces. Consider, fc

initial complex, secondary binding interactions can be
used either to stabilize an altered carrier state or to cat
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example, three possible models for active transportTable 1. ATPase activity of P-glycoprotein in the presence of various
Bear in mind that reaction schemes for the contransporrugs [39]
of two substrates and for ATP-driven transport are ki-

netically equivalent [49], so that the models apply to both""™? Ko (ut) Viare.s
primary and secondary active transport. If the substrateg_acetyl-leucyl-leucyl-norleucinal 40 2.4
add in order, as in the fully coupled scheme in Fig. 1, then-acetyl-leucyl-leucyl-methioninal 65 2.0
first to add () causes the carrier to become immobile, Leupeptin 100 2.0
and the second, the transported substBateas to cata- Pepstatin A 68 2.3

lyze the about-face of the carrier, just as it does in an/alinomycin 063 2.4
Cyclosporin A 0.01 1.4

exchange reaction; the specificity patterns should thereN )
" . onactin 25 25
fore be the same. If the order of addition is random, both;,pastine 0.7 14
substrates are required to catalyze the translocation steperapamil 0.9 292
with the same result. If the transported substselds
first, it must convert the carrier to an immobile form with The protein (from Cinese Hamster ovary cells) is embedded in plasm
an exposed site foF. The extent of the transformation Mmembrane vesicles. The maximum rate of ATP hydrolysis in the pres
depends on the strength of binding in the altered Stat(:)e,nce ofagat_urating concentration of the drug, relat_ive to the rate _in it
. absence, is listed/a1p g), as well as the half-saturating concentration
and thg less complet.e the conversion, the smaller thgf the drug in the stimulation of ATP hydrolysi&g).
proportion of the carrier able to bintl and the slower,
therefore, the coupled reaction. Note that Eq. 1 for the
ratio of coupled and uncoupled rates applies to a varietyransport rate. Indeed, it should give a better measur
of transport models. It applies to both the driving andthan could be obtained in transport studies because n
driven substrates, and to mechanisms in which the suldransport is slowed by any recycling of the lipid-soluble
strate stabilizes an altered carrier state or catalyzes thgubstrate in the lipid bilayer; some undetermined fractior
conversion of one state to another. It applies to model®f the substrate, once pumped outward, may diffuse
with substrate sites alternating between inner and outeback, to be pumped out again.
positions, as in Fig. 1, and to those with sites stationed on ~ Maximum ATP hydrolysis rates in the presence of a
both sided of the membrane; to those in which the driv-saturating drug concentration, relative to the rate in the
ing and driven substrates add to the carrier in fixed ordeabsence of a drugy(arp g, are listed in Table 1; the
and those in which the addition is random; and to thosehalf-saturating drug concentration in the same assgy,
in which the driving substrate is ATP and those in whichis also listed. The measurements were made with men
it is a transported ion. In every case, rate is a function obrane vesicles from Chinese hamster ovary cells. Th
an increment in binding energy and should therefore beffinities vary by a factor of 10,000, the rates by a factor
sensitive to the structure of the substrate. of only 1.8. Similar observations on the purified (and
isolated) pump are listed in Table 2. Here maximum
o ATP hydrolysis ratesVrp, Were determined in the
The Pattern of Substrate Specificity presence of a high (but not quite saturating) concentra
of P-Glycoprotein tion of a drug, relative to the rate in the absence of drugs
Half-saturating concentrationk, determined by fluo-
In view of the contrasting patterns of substrate specificityrescence quenching, are also listed. Rates are correct
in active and passive transport, the pattern exhibited byccording to the formul¥arp g = Viate + Vate — 1)
P-glycoprotein could be diagnostic. The affinities of Kp/[S, whereV ,1p g is the relative ATP hydrolysis rate
various substrates have been reported, but not maximumt saturating concentrations of both ATP and the sub
transport rates. However, maximum ATPase rates havstrateS, the assumption is that ATP hydrolysis proceeds
been measured in the presence of substrates [39, 42, 5@long paths involving either the unloaded carrier or the
and these will be proportional to the transport ratessubstrate complex (in Fig. 3, the steps governed_by
whatever the transport mechanism, coupled, partlyandf_s). The affinities vary by a factor of over 200, the
coupled, or uncoupled. At saturating concentrations ofates by a factor of less than 4. Similar results on the
both the transported substrate and ATP, when there caourified protein were obtained in another laboratory,
be no complex with either alone and therefore no un-where affinities for a different group of compounds var-
coupled reaction, the ATPase reaction must cyclded by a factor of 100 and maximum rates by a factor of
through inward-facing and outward-facing carrier states]ess than 2 [50].
involving movement of a carrier-substrate complex, The pattern is unmistakably that of a passive rathe
which is the translocation step. The rates of the translothan an active system, supporting the idea that the tran:
cation step and of ATP hydrolysis, being parts of thelocation step is passive. But will a half-coupled system
same cycle, are equal, and it follows that the ATPasenove substrates against a concentration gradient? C:
reaction should give a true measure of the maximunthe driving process, even though free to proceed on it
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Table 2. ATPase rates and substrate affinities determined with solu- f4
bilized, purified P-glycoprotein from Chinese hamster ovary cells —_
Co —— Ci
Drug (S) BuM) KoM Vs Vaares f1
None 1.00 Ko Ky
Trifluoperazine 10 7.7 1.58 2.03
Colchicine 100 158 1.71 2.83 fo
Daunorubicin 50 10.5 1.26 1.31 — N
Vinblastine 20 0.77 0.80 0.79 CoD A S CiT T GTA
Verapamil 10 2.4 1.37 1.46 fo Ka
Maximum rates of ATP hydrolysis\iarp) in the presence of trans- Kso Ksi
ported substrates at defined concentrations [42] together with half-
saturation constantKf) determined by fluorescence quenching [38] f3
are listed. The last column shows the calculated maximumvate g CODS —_ N\ CTS
for a saturating concentration of both ATP and the subst@tec- N !
cording to the formuld/arp g = Viars + Vars — 1) Kp/[S. f3

Fig. 3. A half-coupled model for ATP-driven exit of substreBeUn-
own, sufficiently entangle the driven process to pumplike a coupled system, all carrier forms are mobile. The mechanism i
against a gradient? The question can be answered hbydered: ATP, represented Bybinds to the inward-facing free carrier,
kinetic analysis, which gives the final concentration gra-Ci. while the hydrolysis products ADP + Pi, representediyind to

dient as a function of the free energy supplied in thethe outward-facing free carrie€,; only when these have added can the
driving reaction transported substrat§, bind. Associated with the system is an internal

inhibitor A, which is competitive withS and uncompetitive witfT (A

has the properties of a nontransported substrate analogue). The moc
is uncoupled in the sense tiatloes not alter the carrier state and is not
required for carrier movement, but is coupled in the sense that the
binding of ATP (or ADP + Pi) exposes the site f§rand that reaction

HALF-CoupPLED MoODELS FORATP-DRIVEN TRANSPORT of ATP at the ATPase active centre is linked to movement of the site
for the transported substrat€; (to C,).

Uphill Pumping by Uncoupled Transport Systems

Obviously, no concentration gradient would be built up if
the substrate could be translocated without in some way CiA

involving ATP, for the substrate, having been moved KA
across the membrane in one direction, would freely move fs /

back again. The half-coupled model in Fig. 3 is feasible,

Co < — ¢
since no complex is formed with the transported sub- 1
strateSby itself. Here, the substrates add in order—firstSo / \KO Kr /
the driving substrate ATPT], thenS All carrier forms f2

are mobile, as in passive transport: the inward-facing and CoS CoD ——CiT CiS
outward-facing states of the free carrier are interconvert- f2

ible, as are the two states of the complex with ATP or of \ / . &\ /
the ternary complex with ATP and the transported sub- f3

strate. The addition of ATP does not convert the carrier CoDS — CiTS

to an immobile state, as it would in a fully coupled sys- t3

tem, but it does cause t.he binding site .for the traI']Sportegig. 4. A half-coupled ATPase model in which ATF)(and the trans-

substrate, unavailable in .the free carrier, _to become e)ﬁiorted substrate{ add in random order. The free carrier is assumed to
posed. And the hydrolysis of ATPT) to give ADP + e a mixture of two forms, one mobile and with no exposed substrats
phosphate (D) is coupled to a carrier transformation, arsites, the other immobile and with exposed substrate sites. The tran
about-face of the carrier, inward-facing to outward- ported substrate plays a passive role, while ATP, in the same step i
facing CT - C,D andCTS - C,DS). Transport can which it_is hydrol)_/zed, cz_ﬂalyzes movement pf the irr_]mgpile form of
be unselective becaus® not required to catalyze the the_c_:arne_r. Associated with th(_e_syste_m is an internal inhibitor A, com-
translocation step, only has to occupy the carrier sitePeive WithSand noncompetitive witff.
The scheme includes an inhibitor A inside the cell that
adds in competition witls but notT. But for the inhibi- An objection to the scheme in Fig. 3 should be rec-
tor, the carrier would be an uncoupled ATPase in theognized at once. ATP and the transported substrate hay
absence o6 The inhibitor acts as a nontransported sub-been observed to add independently to P-glycoprotei
strate analogue, and in blocking carrier movement[27, 40, 41], which means that the order of addition is
blocks the associated ATP reaction. random. The related model in Fig. 4 meets the objection
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bothSandT add to the free carrier, which is mobile, but f3

the complex withS by itself is immobile. As the sub- CoH ——— ¢iH

strate is to play a passive role, the free carrier is now i3

assumed to be an equilibrium mixture of two forms, one

mobile but lacking exposed sites for ATP §rthe other g [ ] Ku;

immobile and having exposed siteS.and ATP bind to °

the immobile form, and ATP (or ADP + Pi) catalyzes the f4

carrier reorientation step. As in the first model, the hy- Co —— C —/ GA

drolysis of ATP is coupled to an about-face of the carrier. : f.q : Ka
The analysis in the Appendix demonstrates that both

models can pump the substraeuphill and conserve Ks l/ LKS

ATP in the absence 08 Were coupling perfect, the ° !

final concentration gradient would depend only on the
[ATP)/[ADP] ratio, which is the measure of the free C.S —/— &S

energy available to do work (Eq. A8). The half-coupled ¥ X f !

models produce this same gradient if the affinity for ATP -2

IS very low, but In, this casg tranqurt IS very slow. Atthe Fig. 5. An uncoupled antiport model for two transported substrates,
other extreme, with very high affinity, transport becomes,ng s (H being a hydrogen ion). Associated with the system is an
passive regardless of the ATP to ADP ratio (Eq. A9).internal competitive inhibitorA.

Active transport fails because, with none of the carrier

free, the reaction cycles throughT, GTS, GDS, GD

(Figs. 3 and 4)—substrate exit involves ATP hydrolysismeasure of the efficiency of energy conversion. Effi-
as usual C;TSto C,DS) but the return of the carrier is ciency, itis found, always depends on intrinsic relative to
accompanied by the resynthesis of ATE,D to CT). apparent binding energies. In a half-coupled mechanisr
With no net hydrolysis of ATP, no free energy is releasedinvolving an endogenous inhibitor, the coupling ratio,
and no osmotic work is done. An intermediate affinity Eq. A17, is a function of the actual substrate affinity
would be best—something in the range of the cellularrelative to the apparent affinity measured in the presenc
ATP concentration, where the rate and the concentrationf the inhibitor. A similar relationship is found for the

gradient can both be higlséeAppendix). uncoupled antiporter, Eq. A29. In either case, only par

of the total binding energy shows up as affinity, the rest
AN UNCOUPLED MODEL FOR ELECTROGENIC being used to displace the inhibitor. The inhibitor is re-
DRUG-PROTON ANTIPORT sponsible for coupling; the greater its concentration ol

Figure 5 shows an uncoupled carrier model for the pas?fﬂmty’ the higher the coupling ratio. With a fully

sive transport, and exchange, of two substreBes)dH. cqupled_ meChaf_"Sm the relatlonsh|p_bem<_aen_the co
. ) : pling ratio and binding energy, Eq. 1, is similar in form,
All carrier forms are mobile—the free carrier and the

complex with either substrate. For transport, nothingbut its basis is different. Binding is a two-step process

more than occupation of the carrier site is demandec?art of the potential bonding energy being used in ar

(binding can be specific, but this is not a requirement of'mtIal comple_x, the_ restin an_altered complgx. The in-
the mechanism). Associated with the carrier is an inter_crement, which drives a carrier transformation respon

nal competitive inhibitorA. zll,tl)tl)it:g{ecgftfjiflliltr;/g, does not contribute to the apparen

In a coupled exchange mechanism the free carrier In spite of the similarities, the implications are dif-

would be immobilet, = 1., = 0) and substrates would . "\ hoe o1 ibled or uncoupled system, any bond
have to catalyze carrier movement, with the conse- ' P P y - any

g ing, including unspecific hydrophobic bonding, is suffi-
quences for specificity we have noted. . . . oo
S . X . cient, since mere occupation of the carrier site is needec
The analysis in the Appendix, witB representing

the driven andH the driving substrate, shows that the in a coupled system the substrate enters into a coord

uncoupled model can pump the substrate uphill. If thenated two-step process of bonding, dependent on con

concentration oH is saturating, the gradient &is the plimentary structures of the substrate and binding site.
same as with a coupled system, (Eq. A21), but if the

concentration is low, the proton gradient is poorly tappeds5ple Affinity: The Advantage of Loose Coupling
and Stends to equilibrate (Eq. A22).

Tight coupling, while it conserves the energy of the driv-
ing reaction, has one disadvantage. The tighter the col
The coupling ratio—the ratio of the maximum rate of pling, the lower the substrate’s apparent affinity in rela-
coupled transport to the maximum rate of slippage—is &ion to its intrinsic affinity, as we have just seen. Cou-

SLIPPAGE
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pling is paid for in the currency of binding energy, been carried out in the absence of ATP. Fluorescenc
whatever the mechanism. It follows that if a system isassays have confirmed that the binding of ATP and drug
required to pick up a wide variety of foreign chemicals, is independent, and have also shown that the affinity o
coupling efficiency might be sacrificed in the interest of substrates is not significantly altered by prior addition of
usable affinity. In this light, a half-coupled mechanism ATP [27, 40]. The random mechanism in Fig. 4 agrees
with a very low coupling ratio has two advantages; first, with the observations.

it eliminates the requirement for specific substrate inter-

actions, and second, it makes full use of available bond-
S - SUBSTRATESALTER ATP HYDRoOLYSIS RATES
ing interactions.

While most substrates slightly accelerate ATP hydroly-

The Behavior of P-Glycoprotein sis, vinblastine inhibits the activity of the purified protein

by 20% (Table 2), and gramicidin D, an unusually large
ATP AND TRANSPORTEDSUBSTRATESALTER THE substrate, inhibits in proteoliposomes by 50% [6]. Again
CONFORMATION OF P-GLYCOPROTEIN the model in Fig. 4 can explain the findings. In the ab-

) . sence ofSthe rate is governed Hy,, and in the presence
Conformational changes have been demonstrated in they g by f 5 and depending on which is larger, the rate

intact system through changes in immunoreactivity in th%ay rise or fall. (It will be remembered that even in
presence or absence of substrates and ATP [17, 28]. If5ssjve systems a substrate can raise or lower the rate
experiments with the purified protein, ATP, but not ve- y¢ ransiocation step). An inhibitory allosteric site is

rapamil, caused a population of slowly exchanging 2 probably not involved, for while vinblastine inhibits the
ide hydrogens to become more accessible, while AT

: ) ‘' fcarrier from Chinese hamster, it accelerates that fron

and vergpamll together caused a population of_ rapidly, ymans [4].
exchanging hydrogens to become less accessible [46].
And in experiments in which conformational changes
were signaled by quenching of flurescence of the puri-THE CARRIER BINDS AND TRANSPORTSMORE THAN ONE
fied protein covalently labeled with a fluorescent probe SUBSTRATE MOLECULE AT A TIME
close to the ATP site, ATP and substrates were found to
have independent and additive effects [27]. P-glycoprotein carries drug molecules that differ widely

These observations are not inconsistent with a pasin size and structure, and also leucyl oligopeptides vary
sive role for the transported substrate, for in any systenind in length from L2 to L5 [43]. And one substrate may
a substrate can induce a conformational change by shif@ccelerate the reaction of another. N-acetyl-leucyl-
ing the partition between outward-facing and inward-leucyl-tyrosine amide (L2) stimulates the transport of
facing carrier forms. It will do so if the dissociation colchicine, and colchicine stimulates transport of the
constants of the outer and inner binding sites differ, andP€ptide. On the other hand, peptides do not stimulate th
in an active transport system, binding should be Strongefeaction of vinblastine, and some inhibit (35% inhibition
on the loading than on the unloading side of the memby L4). Colchicine, verapamil, and cyclosporin stimu-

brane. In the case of P-g|ycoprotein' the afﬁnity shouldlate L2 transport at lower concentrations but inhibit at
be higher inside. In Fig. 2, which is a passive carrierhigher concentrations; vinblastine inhibits at all concen-

model, the relationship between the constants in thdrations while methotrexate is without effect. From stud-
cycle of reactions iK /Ky, = (F/f_)/(f/f_); if K <  ies of the labeling of the transporter with azidopine and
K., thenf/f_, < f,/f_,, where the partition of the free tamoxifen aziridine it is concluded that the binding re-
carrier is governed bfs/f_,, the partition of the complex gion occupied by verapamil, azidopine, or colchicine
by f,/f_,. does not overlap the peptide site, while the region occu

Another way for a passively transported substrate tdPied by cyclic peptides, cyclosporin A and valinomycin,
shift the carrier conformation is implicit in the reaction does. The nonuniformity of the binding regions is em-
scheme in Fig. 4. The free carrier here is a mixture ofPhasized by other studies showing that Hoechst 3334
two forms, one mobile, with no exposed substrate sitesand rhodamine occupy separate regions, which vinblas
the other immobile, and with exposed substrate sitestine and actinomycin D overlap [36]. It appears that the
Either substrate, therefore, converts all the carrier to thé&nobile region in P-glycoprotein comprises two main ar-

latter form. eas, one large, nonpolar, and unspecific, where drugs a

absorbed; the other smaller and more specific, wher
THE SUBSTRATESADD TO THE CARRIER IN oligopeptides are absorbed. The two areas must b
RANDOM ORDER linked, in view of the mutual transport stimulation of a

peptide and colchicine, and they are probably adjacen
ATP is hydrolyzed by P-glycoprotein in the absence ofjudging by the overlap of the peptide site by cyclosporin
substrates, and many studies of substrate binding hav& and valinomycin.



136 R.M. Krupka: Coupling in Multidrug Carriers

\

ty _—

CoT ——— GiD
Co P Ci ° '
A 4 y,

Co C;
y fo 4
_
COD — C.T / \
f.
! 2 ! CoS CoD — ¢
0 O T———GCT CiS
v f3 v
CoDSq prem— CiTSy
4 ta 4 N
CoDS ¢ C;TS
4 fa \ 4 Fig. 7. A half-coupled ATPase model involving reaction of two ATP
CODS1 52 — Ci TS1 32 per carrier cycle. The substrates add to the carrier in random order, ar
A fq 1 the transported substrat8, plays a passive role. Both the free carrier
and its complex witts are immobile; ATP T) catalyzes the about-face
L |, of the carrier as it undergoes reaction, both outward moven@&hg(o
f5 C,DSandCT to C,D) and, completing the cycle, inward movement
CoDS152S3 —— CiTS1S5253 (C,T to CD).
ts

Fig. 6. A half-coupled ATPase model, based on that in Fig. 3, which binding region, can account for complex interactions
allows for the binding and transport of more than one substrate mol-among substrates, including negative cooperativity (e.g
ecule at a timeS,, S,, andS;. vinblastine with certain dihydropyridines [13]) and posi-

tive cooperativity (e.g., enhancement of azidopine bind.

In a half-coupled mechanism, where no specific sub-ing _bY prer!yla_mine [30], a'?d. enhancement of tamoxifen
strate bonding interactions are required, a variety of non2Zifidine binding by colchicine [31]). It also accounts
polar molecules could be taken up and moved if thefor noncompetitive inhibition by vanadate of the vera-
binding site is large and nonpolar. Hydrophobic bondingPa@Mil stimulation of ATPase activity [26].
depends on the avoidance of nonpolar surfaces by water
(since water prefers to bond with water), rather than atp.g| ycoproTEIN HASTWO ATPASE SITES, BOTH
traction between nonpolar surfaces, and is therefore theyncrioning IN TRANSPORT[38]
least specific force for complex formation. The unusual

structure of P-glycoprotein [14], composed of two nearly The kinetics of the ATPase are Michaelis-Menten, as if ¢
identical halves, may explain the ability to absorb moregjngle ATP reacts [10, 43], and accordingly, if 2 ATP are
than one large substrate molecule at a time. Indeed, thegonsumed per cycle, the reactions would be consecutiv
N- and C-terminal halves of the protein have been showrrhe roje of the two ATPase sites is uncertain, however
to bind a photoactive substrate derivative independently, the scheme in Fig. 7, two ATP molecules react at
[9]. ) o different stages of the transport cycle. The behavior will

An expanded half-coupled model is shown in Fig. 6 he similar to that in Fig. 4, since both schemes involve
(for the sake of simplicity, the scheme is based on thgandom addition of ATP and the transported substrate
ordered mechanism in Fig. 3). The model allows threeyt the underlying mechanisms differ: in Fig. 7 the free

substrate molecules to bing,, S,, andS;. The exitre-  caprier is immobile and all carrier movement is catalyzed
action is governed by, f_,, andf_s. Wheref_;<f_,, by ATP or ADP.

each substrate stimulates reaction of the other. Whegre

> f_, each substrate inhibits the other. In the case of a

drug that at rising concentrations first stimulates and therKm FOR ATP 1S UNUSUALLY HIGH, IN THE RANGE OF

inhibits peptide transport the relationshipfig < f_, >  THE CELLULAR CONCENTRATION, 0.4 — 0.8 nm

f_s. The basis of inhibition or stimulation could be, re-

spectively, crowding (steric hindrance), or facilitation Low ATP affinity in a loosely coupled P-glycoprotein

through positive interactions, in the course of the trans-could have the function of limiting the waste of ATP at

location step. low ATP concentrations, when systems with higher af-
This model, which lacks allosteric sites but allows finity would be favored. Or the half-coupled mechanism

more than one substrate molecule to add in the samigself may dictate this condition: in the case of the model
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in Fig. 4, transport was seen to be passive if the affinitythe membrane preparation, balanced by too low an est
is very high, and to be active but very slow if the affinity mate of transport, due to vinblastine recycling in the
is very low; in between, the rate and concentration graimembrane.
dient can both be sizable. But it must be remembered
that the model in Fig. 4 is incomplete, for two ATPase
sites, not one, are involved in transport. The model in
Fig. 7, with two ATP reacting, transports actively when
itrmzsmggxngzthlt?ehﬁ;cguiﬁk][hoethse;rﬁeAvT/zyrg?sdfhlZ nr?w?él:Ieirt']he. presence and absence _of a transported_substra
Fig. 4 which is a measure of the t|ght_ness of couplmg_—has
T never been found to be high, as it should be in a tightly
coupled system. In an ideal uncoupled system, with the
STOICHIOMETRY substrate having no effect whatever on the rate of ATF
hydrolysis or carrier movement, the ratio of rates in the
For several reasons the true stoichiometry—the numbelresence and ‘?‘bsence ofthe substra_te \.N.OUId be unity, b
as noted earlier, substrates can significantly raise o

of ATP molecules hydrolyzed for each substrate mOI_I wer rates even in facilitated transport. A reasonabl
ecule transported—is not easily determined: substrate§ ; ansport. aDly
nambiguous value for the coupling ratio in proteolipo-

can recycle in the membrane bilayer; more than one dru . !
molecule may be bound, depending on the concentratio @_omes is provided by the study of Eytan et al. [11],

and—a point that must now be emphasized—the syste described in the last section; from the data in their Fig. 2

is at least partly uncoupled. Widely varying values, asr.{he. ratio of the pontryptophan—lnhlb|tab_le ATP".:IS? activ-
ty in the presence and absence of valinomycin is abou

high as 50, have been reported [34, 38]. An ingeniou .6 (the inhibitor is essential in revealing that part of the

solution to the problem was provided by Eytan et al. [11] basal activity due to P-glycoprotein). In various studies

who measured the entry, into proteoliposomes, of ""ihe ratio of rates in the presence and absence of sul
bidium ions bound to the transported substrate valino- P

mycin. Valinomycin can recycle, but not the ion. The strates was similar to this, between 2 and 5 with mos

difficulty of accounting for uncoupled ATPase activity, substrates, and the value was not significantly differen

in the absence of the transported substrate, was overco%{ﬁtsgm%?:;g;eitgﬂ; ?)f(ijril;fde?er:tedrgbrrzgi c[:))fr eﬂ";‘i;at'g:
by means of polytryptophan, whose inhibition of the P- y 9 purtty,

: : o with the purified protein (as may be seem in data sum
glycoprotein ATPase is reversed, competitively, by val- . . . . i
inomycin. In these experiments the stoichiometry Wasmanzed by Shapiro and Ling [33]). With pure P

found to be between 1.2 and 2. The same result Waglycoprotem the ratios for widely dissimilar drug mol-

obtained in an experiment that measured the parallel reggltjvlfeser?rg 8b§;v(vje2e ?3 ilr{t\r?ontgef (I'II"]agPeeZ?U:gﬁlO\[la?]]’ %’:'
ductions in RB transport and ATP hydrolysis brought steric effec.ts the cbnclusion is that the AfPase is igr]nrin-
about by an ATPase inhibitor, vanadate or oligomycin, '

which does not compete with valinomycin. The reaction\sl\;ﬁ?lgcirlllggumed' But what of the intact system, in

scheme in Fig. 4 accounts for a value of 1, that in Fig. 7 As the analysis in the Appendix demonstrates, ¢
for a value of 2. The full complexity of the mechanism, half-counled yh . beh i led | ,thc
however, would require us to consider the possibility pied mechanism behaves as It coupled in th
that, on average, more than one substrate molecule m jesence Of. an mhlbltor with the right prppertles. How-

ver, coupling ratios are most conveniently measurel

be bound and transported. with purified P-glycoprotein or with isolated membranes
A half-coupled mechanism, by itself, complicates in th‘e3 course cg‘y\//vhgse reparation any inhibitor in thé
matters. In another no less careful study, the stoichiom- Prep y

etry was calculated from rates of vinblastine transport ince" could well have been lost. The degree of coupling in

intact cells relative to rates of vinblastine-stimulatedW.rllloklje cells |s.n|oft eas;l;qldetgrmme%,. but ]Eh|hs kn0\|/\{I§dge
ATP hydrolysis in crude membranes [2]. The pump was™"" be essential for a full understanding of the multidrug
assumed to be tightly enough coupled to contribute nothSamer:

ing to the basal ATP hydrolysis rate; hence, the ATPase

activity of the pump could be taken as that stimulated byTHE INHIBITOR HYPOTHESIS AND POLYTRYPTOPHAN
vinblastine, contrary to the finding of Eytan et al. [11]

with the more highly purified preparation. By calcula- From the kinetic treatment of the half coupled model in
tion, 2.8 molecules of ATP were hydrolyzed for eachFig. 4 (Appendix), the inhibitor that makes a half-
molecule of vinblastine transported, which is in reason-coupled system behave as if coupled would act in the
able agreement with a stoichiometry of 1.2 to 2. Butsame way as a nontransported substrate analogue:
compensating errors are a strong possibility: too low arwould bind in competition with transported substrates

estimate of ATP hydrolysis, due to partial uncoupling in but would inhibit ATP hydrolysis noncompetitively; and

COUPLING

The coupling ratio—the ratio of ATP hydrolysis rates in
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it would be internal, binding at the inner transport site. In the case of a random model, an inhibitor that compete
The endogenous inhibitor could resemble substrates iwith both ATP and the transported substrate can als
being partly nonpolar, and so bind at the carrier site, bugive rise to coupling (her€TA in Fig. 4 is not formed.
might be much larger than even the largest substrate®epending on the openness of the transport site on th
and so interfere sterically with carrier movement. Thetwo sides of the membrane (referring to the orientation ir
reversible inhibitor polytryptophan, which was intro- the cell), polytryptophan may bind to the carrier on both
duced by Eytan et al. [11], and which played an impor-the inner and outer sides, or only inside. And if the
tant part in the experimental determination of stoichiom-inhibitor can bind on both sides, it might add on only one
etry, fits the description. This synthetic compound con-side at a time or on both simultaneously, depending ol
tains hydrophobic residues and is large—5.4 kDa; itthe transport mechanism, whether of the alternating-sit
inhibits ATP hydrolysis, and the inhibition is reversed or fixed-site type; experimentally, the inhibition would
through competition with the transported substrate be, respectively, a function of the first or second powel
Hence, polytryptophan probably binds at the transporbf the inhibitor concentration. There are also question:
site that in the cell faces inward (the loading side). Itas to whether bound polytryptophan will hold the iso-
remains to be seen whether such an inhibitor occurs natdated protein in a particular conformation, and at a par-
rally. A protein or large peptide is a possibility, which ticular stage in the reaction of ATP.

could either be in the cytoplasm, or, considering that

P-glycoprotein [32, 35, 37, 48] and the relatesittococ-

cusmultidrug carrier [5] take up substrates directly from Origin of a Half-Coupled Mechanism

the membrane, loosely associated with the inner surface

of the membrane.

If there is no endogenous inhibitor, and if the intact A transport ATPase immersed in its substrate should b
system is in fact very weakly coupled, another role forunder no selection pressure to be fully coupled, for with
P-glycoprotein comes to mind. When not extruding for-the substrate saturating there is no substrate-free cor
eign chemicals, it might, instead of wasting ATP, beplex to react and therefore no uncoupled reaction o
gainfully employed as a flippase, transferring lipid mol- ATP. For this reason the mechanism can just as well b
ecules from the inner to the other leaflet of the mem-half-coupled. Now, a flippase, whose function is to
brane. The idea that the multidrug carrier is a flippasemove lipids from one leaflet of the membrane bilayer to
has been debated in the past [7, 16, 30, 45], but théhe other, is such a carrier; it is embedded in the cel
evidence is inconclusive. Suggestively, P-glycoproteinmembrane and its substrates are membrane lipid mo
like a flippase, takes up substrates from the membranecules. A flippase, if it had such a mechanism, coulc
rather than the internal medium. And another member ofather directly have given rise to a multidrug carrier.
the same gene family (class Il Pgp) specifically moveslIn fact, the structures are closely related.
lipid—phosphatidyl choline—into the external medium Recent findings of Sharom and coworkers [40] may
[45]. have a bearing on the problem. In experiments on P

glycoprotein embedded in artificial membranes, the sub

strate binding constants were proportionate to their solu
POLYTRYPTOPHAN AND THE REACTION MECHANISM bility in the lipid phase. The observed log-log relation-

ship would indicate that the free energy of solution adds
Polytryptophan has the same effects as our hypotheticab the free energy of binding. A simple concentration
inhibitor: it increases the coupling ratio, i.e., the tightnesseffect, in which the substrate in the lipid bilayer is pre-
of coupling, by inhibiting uncoupled ATP hydrolysis in sented to the carrier in concentrated form and therefor
the absence of a transported substrate, but ceasing t@s a proportionately higher apparent affinity, seems un
inhibit in the presence of a substrate. As the expectedikely. The difficulty is that by however much the par-
effect of an inhibitor on the half-coupled model has ac-tition between water and the membrane is favored, th
tually been observed, the proposed coupling mechanisrpartition between the membrane and the carrier site i
must be feasible, and conversely, the fact that Pdisfavored. The reasoning is as follows. Since the sub
glycoprotein responds to polytryptophan as it does supstrate equilibrates between water and lipid, and betwee
ports a half-coupled mechanism. lipid and the carrier site, its free energy (that is, its ac-

Polytryptophan should be useful as an experimentativity or escape tendency) in water, in the lipid phase,
tool, whatever the status of the proposed endogenousnd at the binding site, will be the same. Then, unles:
inhibitor. The character of the inhibition is to be related the free energy of the binding site is a function of the
to the pump mechanism. With the random model in Fig.substrate’s lipid solubility, which seems unlikely, the
4, the inhibition of ATP hydrolysis by a nontransported partition between the aqueous solution and the carrie
substrate analogue is noncompetitive, but with the orwill be independent of the lipid. But there is another,
dered model in Fig. 3 the inhibition is uncompetitive. simpler, interpretation. Suppose that lipid is strongly ad-
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sorbed at the carrier site, remaining in place throughoutions suggest that water is cotransported with the ions
the transport cycle, and that the substrate adds to thiand that the flow, driven by an ion gradient, can run
lipid-coated site. Affinity and lipid solubility are then counter to the transmembrane chemical potential of wa
directly related. In support of the hypothesis, lipid re-ter. The authors envisage a model in which the boun
mains tightly associated with P-glycoprotein after puri-ions induce a conformational change in the carrier pro:
fication (50-60 lipid molecules per mole [42]), and the tein, opening up a cavity that fills with a good many
adsorbed lipid is required for ATPase activity [10, 44]. water molecules. Translocation ensues, with release ¢

With this hypothesis in mind, speculation as to thethe ions and the water on the far side of the membrane
provenance of multidrug transporters may be carried &he conformation then changes again, eliminating the
step further. Selection pressure would favor the evolucavity, and the carrier returns empty, to begin anothe
tion of a mutant flippase with altered specificity, one thatcycle. This is essentially an ordered cotransport mode
is able to indiscriminately bind harmful foreign chemi- Were the mechanism fully coupled, the first substrate
cals. Paradoxically, a sharp increase in lipid affinity (the ions) would induce a conformational change tha
could have the desired effect. The lipid, if very tightly both exposes the site for the second substrate and imm
bound, would be inefficiently transported—because ofbilizes the carrier (otherwise the first substrate would be
slow dissociation—but drug molecules, adsorbed in thdransported independently, and the system would b
lipid-coated site, could be taken up indiscriminately, andcompletely uncoupled). The second substrate (watel
moved outward. The idea is testable at two points. Firstwould then bind and catalyze the translocation step,
flippase mechanisms should be only weakly coupledprocess dependent on greatly increased affinity in the
Second, any flippase activity of P-glycoprotein should betransition state. But in a water pump there is no need fo
highest in membranes composed of the most weaklyull coupling. The surrounding water, which saturates
bound lipids (those whose dissociation is fastest). the site, should convert the first complex to the complex

A multidrug carrier created in this way should be of both substrates, ions plus water, bypassing the ur
highly satisfactory. The half-coupled mechanism allowscoupled reaction. The mechanism, then, may be ex
active transport to be unspecific; the carrier, taking uppected to be half-coupled, avoiding the catalytic step
the substrate directly from the membrane, ejects intrudEven though this water pump involves secondary active
ing chemicals before they have damaged cellular contransport, and P-glycoprotein primary active transport
stituents; and the ability of foreign molecules to enter thethe two systems may, in this light, be similar; both
cell, and the ability of the cell to pump them out again, mechanisms being half-coupled, and both carriers cor
depend on the same factor—solubility in the lipid mem-taining a large transport cavity, into which an assortmen
brane. of substrate molecules can enter.
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(A3)

and therefore,

HCHKr Ky

([TV[D)equii= Keg= TLICIKs  Tafky (A5)
Appendix - . .

Similarly, from the third expression,
HALF-CoupLED ATPASE MODELS fof_aKso

(Sl 1S equi=1=7 51— (A6)
The reaction schemes in Figs. 3 and 4 are uncoupled in the sense that s
ATP is freely hydroly_zed in _the absence of the trar_lsported subsrate By substituting Egs. A5 and A6 into Eq. A3, the gradient is found to be
and that the role o§is passive. But ATP hydrolysis (ATR:ADP +

Pi, represented ab = D) is coupled to a carrier transformation, the
y ) P _ Kgof_a(f +1,Kp/[D])

about-face of the carrier in the membrai@T(to C,D). (SIS Dsina = (A7a)
In the model in Fig. 3 the substrates add to the carrier C in order: Ksifs(f2+14Ke/[T])

first the driving substratd (ATP) and then the driven substrag&

As in a passive system, all carrier forms—the free carrier, the complex _ 1+fKp/(FD]) _ 1+FiKe/(foKed DD (A7b)

with the driving substrate, and the complex with both substrates—are T+K/(FTD 1+ K/ ([T

mobile; that is, the site foB freely moves from an inward-facing to an

outward-facing stanceX to C,, where the subscripisando meanin _ _

andout, respectively). ATPT) binds only to the inward-facing carrier, A Fu”y COUpIEd SyStean(_ f_2 - 0)

and ADP + Pi (D) only to the outward-facing carrier. ATP is not .

translocated because the catalytic site is fixed on one side of the menf-"om Ed- A7a, withf; = f., = 0,

brane. While the free carrier has no binding site $pthe addition of Keof o fuKo[T /D]

T to C; or of D to C, causes the site to become exposed. The syste ~ _1so-3717D - )

is completed by an endogenous inhibifonside the cell, competitive SV IS e Ksifs 1Ky ([(TVIDD Kequ (A8)

with the transported substra&but not with ATP or ADP. The inhibi-

tor behaves as a nontransported substrate analogue. As expected, the final concentration gradient in a perfectly couplec

In the model in Fig. 4, the substrates add to the carrier in randomsystem depends on the ratio of the concentration of ATP to ADP anc
order, but the substrate compleéSor C,S is immobile. The trans-  Pi, in relation to the equilibrium value.
location step, the about-face of the carrier, only occurs as ATP under-
goes reaction, the role @& being passive throughout.

Rate equations will be derived for the random model in Fig. 4, A Half-Coupled System
which subsumes the ordered model in Fig. 3. A convenient method of . . .
derivation has been described by Stein [47]. On the assumption that aﬁ') If the affinity of the ATPase is so high thalJK; >> 1 and DJ/Ko

substrate additions are equilibrium steps, the unidirectional rates for th” L, the sy;tem behaves as a passive transporter. There is no co
exit and entry of substratB, s andvpe, respectively, are centration build-up and no net hydrolysis of ATP: from Eq. A7b,

Vrg = fate s (fy + f,d + fod - 5)[C]/Denom (A1) ([SIMSDsinar = 1 (A9)

Vpso = fad- s, (g + ot + gt - §)[C]/Denom (A2) (i) If the affinity of the ATPase is extremely low, such thai[K, <<

1 and PJ/Kp << 1, the gradient in the final steady-state, Eq. A7a, will
Denom= {1,+ trtra+t-g+a +§Hf+fd+fd s} +{l+ be identical to that in the fully coupled system, Eq. A8. The systems
d+d-s+sHf +ft+fqt-shwheres = [S)Ks;, & = [S)/Kso are equivalent because under these conditipasdf_, drop out of Eq.
t=[TVKs, d = [Dl/Kp, 8" = [S'VKs/, &' = [Sl/Kso, @ = [A/Ka,  A7a: in the fully coupled system the constants are zero. The syster
a’ = [AI/K4'. [C]is the total carrier concentration. Note that dropping continues to be effective in active transport at much higher affinities,
the primed terms yields rate equations for the ordered model in Fig. 3qwever. From Eq. A7a, if/K; = 1 and PJ/K, = 1, the final

concentration gradient is (1 f/f,)/(1 + f_,/f_,); and from Eq. A5 for
Concentration Gradients the ATP equilibrium constank., << 1, we find thatf,/f, >> f_/f_,

(provided K+ and Ky are not too different, a realistic assumption).
In the final-steady state, when there is no further net substrate movewe may conclude that a substantial concentration gradient can be bui
ment, the ratio of external and internal concentrationSisffound by up if the dissociation constants are comparable to the cellular concer
equating the unidirectional exit and entry rates, Egs. A1 and A2:  trations of ATP and ADP, but that they should not be much lower.
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Transport is then active, and the rate roughly half-maximal, perhaps thA N UNCOUPLED ANTIPORT MECHANISM

optimal arrangement.

Slippage

In the absence of the transported subst&t€ DS and C,TSdrop out

An exchange model capable of accounting for low substrate specificity
in binding and translocation is shown in Fig. 5. This uncoupled system
in which both the free carrier and the substrate complex are mobile, i
like an ordinary passive carrier, except in having transport sites for twc
different substrates{ andS The driving ion,H, could be bound with

of Figs. 3 and 4, and the scheme reduces to a simple one-substraje high degree of specificity but is not required to alter the carrier,

carrier model. The initial rate of ATP hydrolysi$ to D, with [D] =
0) is given by [24]

f,f,t[C]
(fp+f+fia) +i(f +f,+fa)

Vi = (A10)

The maximum rate of slippage (with t very large) is therefore

Vo = ff L [CY(fL + 5+, @) (A11)

neither its mobility nor the accessibility of the other substrate site.
The molecule to be cleared from the cél,which only has to occupy
the carrier site, can be bound and transported indiscriminately. A com
petitive inhibitorA is included, which in the absence &blocks waste

of the gradient irH.

Rate equations for the uncoupled system may be written directly
from a general treatment of the kinetics of transport [24]. To simplify
the problem, the mobility constants for the various carrier forms are
assumed to be identicdl: = f, = fyandf_, = f_, = f_;. The exitrate
for Sis

This rate may be compared with the coupled rate—the maximum rate

of ATP hydrolysis in the presence @&, which is the same as the
maximum rate of exit o5 (Eq. Al, witht ands very large and wittd

=5, = 0)

Vrsi = f f5 [CY(fL + f3) (A12)

The ratio of these is the coupling ratio—the ratio of ATP hydrolysis

rates in the presence and absence of a transported substrate:

fa(fi+f,+fa)

VTSi/VTi = f_2 ( fl + f—3)

(A13)

The inhibitor A is seen to reduce slippagéy;, relative to the coupled
rate, Vs;

Vsi Vsi
Vg = {K—S ([S]-o[SD+ KeKoe ([SIHo] = [Sl[Hi]e/ B)} /Denom
i e (A18)

Denom= s +h; + 55 + hoh, + s.h + shy + (1 +a){1 + s, + h,} where
§ = [SVKs; by = [HI/Kyi; S5 = [SVKss hy = [H/Kue @ =
[AI/KA;

o = (S]/[so])equilibrium

B = ([Hi]/[Ho])equilibrium

o and B will be functions of the membrane potential Hf and S are

charged speciedd(may be a protoniH®).
For comparison, the rate of exchange transport by a perfectly

The relationship between tight coupling and binding energy is coupled system, in which the free carrier is immobfig € f_, = 0)
similar in coupled and half-coupled systems. In a coupled system amnd the postulated inhibitok is absent, is

increment in binding energy drives a conformational change; in a half-
coupled system, substrate binding energy is used to displace a com-
petitive inhibitor. The apparent substrate affinity, in the presence of thevs=
inhibitor, may be compared with the intrinsic substrate affinity, in its
absence. From Eq. Al, the zero trans rate of coupled exit (at saturatin
T and withd = s, = 0) is

VSi

Si KHo

([SIHo] ~ [So][Hile/B)

Denom

(A19)

Benom is as in Eq. A18 with & 0.

f1f55[C] The Final Concentration Gradient in S
VIST (F +f,+f,8) +5 (f,+ o) (AL4)
1 -2 1 1 =
In the passive system, the ratio of external and internal substrate cor
from which theK,,, for internal S is centrations in the final steady-state, where there is no further net trans
port, is found by setting Eq. A18 equal to zero:
Kmg; = Kgi (fy +f, +f 2)/(f+15) (A15) {1+ [Hy Ko}
_ o. Ho.
(S VIS Dsina = S {1+ [H, )/ PKug) (A20)

The ratio ofKm values in the presence and absence of the inhibitor is

therefore . .
[H)/B[H;] is related to the proton-motive force for the cell. If

[Ho>>Ky, and Hi] >> BK,, then

Kmigy/Kmg) = (fy + 1, +f )/ (fL +15) (A16)
. . L . . ([SVSDfinar = BIHoJ/aH; (A21)
This ratio of intrinsic to apparent affinity, Eq. Al6, is seen to be
directly related to the coupling ratio in Eq. A13: But if [Hy] << Ky, and H,] << BKy
d+f/p) (SISDfinar = L (A22)

(Vrs?'Vri) = m (Kmigy/Kmg;) = (Km(g;/Kmg;) (AL7)

In the coupled system, the final gradienSifound by setting Eq.

Eq. A17 may be compared with Eq. 1 for a coupled system. A19 equal to zero) is the same as in Eq. A21.
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Slippage The coupling ratio is therefore

The tightness of coupling is given by the ratio of the maximum coupledy,, .V, =1 +a (A26)
and uncoupled rates, which here is the ratio of the maximum rates of
entry ofH in the presence and absenceSofThe rate equation for the

Again, tight coupling is related to binding energy. The ratio of the
entry of H is [24] gain, tig upling I inding gy i

apparent to the intrinsic substrate dissociation constant is given by th
ratio of Km values in the presence and absence of the inhibitor (as ir

V, V, . ) }
Vo = % ) ([Ho] - [H;)/B) + < H|2 ([HoI[S1-[H.I[S,]o/B)/Denom Eq, A17). In exit (Eq A18),.the half-saturating cohcentratlon $or
Ho Hoxsi (A23) with the concentration ofl, high and the concentrations §f andH;
low, is

where Denom is the same as in A18. The uncoupled rate is that in the
absence o8 with [S] = [S] = 0, [Ho] >> [H]/B, h,>> 1,and a>>  [Sliz = Kei(1 +3) (A27)
h;, the maximum rate is

Hence the ratio oKm values in the presence and absencé i

_ VHG([Ho] - [H|]/B)

Vo = =Vyo/(1+a) (A24)

Ko Denom Km'g/Kmg; = (1 + a) (A28)

The maximum coupled entry rate is that with the same concentrations
of H and A but with saturatingSinside ([S] >>[H;] ands >> a): Therefore, from Eq. A6,

Vhosi = Vho (A25) Vus/Vi = K'gi/Km; (A29)



