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Abstract. The four-state simple carrier model (SCM) is model are consistent with available experimental data on
employed to describe ligand translocation by diversefacilitative glucose transport across erythrocyte mem-
passive membrane transporters. However, its applibranes. Hence, if GLUTs are multiconformational chan-
cation to systems like facilitative sugar transportersnels, their particular kinetic properties can result from
(GLUTSs) is controversial: unidirectional fluxes under transitions between single and double channel occupan-
zero-trans and equilibrium-exchange experimental concies.
ditions fit a SCM, but flux data from infinite-cis and
infinite-trans experiments appear not to fit the sameKey words: Sugars — Facilitators — Carriers — Chan-
SCM. More complex kinetic models have been pro-nels — Pores — Kinetic models
posed to explain this “anomalous” behavior of GLUTSs,
but none of them accounts for all the experimental find-|nroduction
ings. We propose an alternative model in which GLUTs
are channels subject to conformational transitions, angacilitative transporters or organic ligands are widely
further assume that the results from zero-trans and equistributed among biological membranes. They are com-
librium-exchange experiments as well as trans-effectglex integral membrane proteins that perform transloca-
corresponds to a single-occupancy channel regimeton of ligands via mechanisms usually involving
whereas the results from the infinite-cis and infinite-transconformational transitions of the macromolecule. The
experiments correspond to a regime including highefour-state “simple carrier” model (SCM) is the most
channel occupancies. We test the plausibility of this hy-elementary scheme to describe the kinetics of facilitative
pothesis by studying a kinetic model of a two-site chan-transport mediated by conformational changes of the
nel with two conformational states. In each state, theprotein (Stein, 1986, pp. 231-242). Facilitative sugar
channel can bind the ligand from only one of the com-transporters (GLUTS) play crucial roles in the physiol-
partments. Under single-occupancy, for conditions corogy of animal cells, and have been the subject of intense
responding to zero-trans and equilibrium-exchange exresearch. The overwhelming amount of data on struc-
periments, the model behaves as a SCM capable of exural and functional aspects of the GLUTs has been sum-
hibiting trans-stimulations. For a regime including marized in diverse reviews (Wheeler & Hinkle, 1985:
higher degrees of occupancy and infinite-cis and infinite-Baly & Horuk, 1988; Carruthers, 1990; Baldwin, 1993;
trans conditions, the same channel model can exhibit &ould & Holman, 1993; Mueckler, 1994). The kinetic
behavior qualitatively similar to a SCM, albeit with ki- properties of the GLUTs have been classically inter-
netic parameters different from those for the single-preted in terms of the SCM (Widdas, 1952; Gorga &
occupancy regime. Numerical results obtained with oun_ienhard, 1981; Appleman & Lienhard, 1985, 1989;
Lowe & Walmsley, 1986; Wheeler, 1986; Walmsley,
1988; Wheeler & Whelan, 1988; Walmsley
[ et al.,, 1994). However, the SCM fails to explain all
Correspondence tal. Fischbarg the available kinetic evidence (for analysis of this
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problemseeStein, 1986, pp. 251-255; Helgerson & Car- channel subject to conformational changes. Such chan-
ruthers, 1987; Wheeler & Whelan, 1988; Carruthers,nel models may be extremely complex, even in the
1990). Thus, the results from flux measurements donesimpler case of a single-file channel (Héndez &
under infinite-cis and infinite-trans conditions cannot beFischbarg, 1994). Still, complicated models involving
easily interpreted in terms of the same SCM that wouldwater-ligand interactions may nevertheless behave like
characterize results from zero-trans and equilibrium-igand-only models under certain conditions (Herdez
exchange experiments (“anomalous” kinetic findings, & Fischbarg, 1994), thus justifying the present use of a
seeStein, 1986, p. 253; Carruthers, 1990). More com-model where only transitions involving the ligand are
plex kinetic schemes have been suggested as alternativesnsidered.
(Lieb & Stein, 1970; Naftalin, 1970; Krupka, 1972; The purpose of this work is to advance an alternative
Baker & Widdas, 1973; Batt & Schachter, 1973; Eilam, way to interpret the kinetic properties of GLUTs. For
1975; Ginsburg, 1978; Holman, 1980). Yet, not eventhis, we assume that these transporters operate via chan-
such models fit the totality of experimental results nels undergoing conformational transitions. Different
(Krupka & Deves, 1981; Weiser et al., 1983; Naftalin et conformational states of a transporter may be able to
al., 1985; Stein, 1986, pp. 253—-254; Krupka, 1989; Carbind different ligands; some of the ligands can be trans-
ruthers, 1990). More recently, it has been suggested thatorted but others not. Here, we only consider the case of
the anomalous kinetic behavior of the glucose transportea single ligand that can be transported (e.g., glucose).
present in erythrocytes (GLUT1) would arise from a Since no complete mechanistic description can be at
transition between different GLUT1 oligomeric struc- present advanced for GLUTs, we exemplify our ap-
tures (Hebert & Carruthers, 1992). Evidence consistenproach with the analytical and numerical study of a par-
with this view comes from the finding of allosteric be- ticular simple case of a two-conformational, two-site
havior (Carruthers, 1991; Carruthers & Helgerson, 1991channel model. The numerical example shown here
and from structural studies (Pessino et al., 1991; HebertAppendix II) should only be considered as another ar-
& Carruthers, 1992). A model based upon these findinggument in favor of the plausibility of the hypothesis eval-
(Hebert & Carruthers, 1992) proposes that GLUT1 existauated hereqee beloy and not as a proposal of actual
in two basic structural forms, a dimer and a tetramer.parameter values. The main objective of this work is to
Each monomer in either form behaves as a typical onetest the hypothesis that the discrepancies with the single
site carrier (a SCM), but exhibits different kinetic prop- SCM for a GLUT (“anomalous findings,’see above
erties depending on the oligomer. To explain the anomean be explained if the GLUT channel can be occupied
alous kinetic findings, the subunits are proposed to beby more than one ligand molecule at a time. The basic
have as independent SCMs in the dimer, whereas thegssumption to perform the analysis, and to relate it to the
are conformationally constrained in the tetramer. How-findings about the GLUTS, is that the results from the
ever, although this model represents a plausible proposatero-trans, equilibrium-exchange, and trans-effects ex-
it is not clear whether transitions between the differentperiments can be interpreted in terms of a single-
oligomeric states of GLUT1 actually occirr situ at the  occupancy regime of the model, whereas the results from
erythrocyte membrane (for discussiorsge Baldwin, the “infinite” experiments (infinite-cis and infinite-
1993; Gould & Holman, 1993; Marshall et al., 1993; trans) may require to consider higher degrees of satura-
Shetty et al., 1993). tion of the model. Surprisingly, this rather simple con-
Aside from kinetic considerations, the relation be- ception leads to a consistent picture in which all avail-
tween the functional characteristics of GLUTs and theirable results could be framed into. Some of these ideas
putative structure has also been the subject of analysisnight also apply to other facilitative transport systems
Thus, it has been suggested that GLUTs may operate bgxhibiting kinetic properties that do not easily fit the
means of inner channels undergoing conformationalSCM, such as the choline transporter (Krupka & Deves,
changes (Barnett et al., 1973, 1975). More recent kinetid 983).
and structural evidence supports this idea. Data on hy-
drogen-exchange (Jung et al., 1986), infrared spectro-
scopic analysis (Alvarez et al., 1987) and studies on waResults
ter permeability (Fischbarg et al., 1990; Zhang et al.,
1991) contribute to the concept that GLUTs operate by
means of a hydrophilic channel, accessible both to sugaf T WO-CONFORMATIONAL CHANNEL MODEL OF
substrates and to water molecules. Indeed, the structurGRCILITATIVE SUGAR TRANSPORT
models proposed for GLUTs suggest the presence of an
inner channel spanning the membrane (Mueckler et alFigure 1A shows the complete model corresponding to
1985; Fischbarg et al., 1993; Fischbarg & Vera, 1994)the two-conformational, two-site channel considered
Thus, realistic models of the kinetic properties of GLUTs here. Each conformational state can bind a lig&frem
might need to include water-ligand interactions inside aonly one of the two compartments (1 and 2). Since we
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the diagram algorithm (Hill, 1977) to the analysis of the
Fig. 1. (A) Complete state diagram of a two-conformational two-site model under S,teady'State 9ond|t|on3,|”usva‘tes this point.
channel that transports a ligabetween compartments 1 and 2. Dark Indeed, the diagram of Fig.Alcontains eight channel
circles: ligand moleculesX: vacant positions inside the channdf)(  States, and gives rise to seven cycles (Fig) &nd to
(E), (), (), (X), (X'), (C), and €'), are the intermediate states of the more than 500 directional diagrams. In Fig. 2, we show
chanr)el.& and S, represent the ligand in compartments_ 1 _and 2 re-the state diagram of a still more complex case, that of a
spectively;b, andf;, b, andf,, are the rate constants for binding from three-site channel undergoing occupancy but, at most,
compartments 1 and 2 respectively.andg,, r, andg,, are the rate ., jinand molecules. In general, iifis the number of
constants for release to compartments 1 and 2 respectivgli; k|, . . . ’ o
and|_, are the rate constants for the movement between positionigos"[Ions in the channel, and if we assume that a signifi-
inside the channel, ang,, a_y, By, B_y, 1, andy_y, are the rate con-  cant description of the transport process under the usual
stants governing the conformational transitions. The region enclosed bgxperimental conditions only needs to consider at most
the dashed-lined rectangle corresponds to the single-occupancy modtouble-occupancy states, the number of states in the di-
of operation of the modelB) The cycles contained in the diagram of agram equals [2 f(n + 1)]. The increasing complexity
Fig. 1A. with nis already illustrated in the diagram of Fig. 2, that
contains 14 channel states.
assume that this property is independent of the presence The “complete” model of Fig. A results in the
of a ligand molecule inside the channel, the binding of amost general description of the example under consider-
second ligand molecule to the channel is also subject tation. We first analyze it for the limiting case of the
this restriction. This behavior can be interpreted in termssingle-occupancy regime, under which we derive analyt-
of the height of the activation energy barriers characterical expressions for the unidirectional fluxes $f We
izing the binding steps to the end-positions of the chanuse them to derive expressions for the relevant parame-
nel (Lauger, 1980, 1984). Although the model of FigA 1 ters for zero-trans and equilibrium-exchange experi-
is simple by comparison to what the actual inner channeiments, and to derive the analytical conditions determin-
of a transporting protein may be, it is nevertheless coming trans-stimulation by the presence of the ligand in the
plex from an analytical point of view. The application of trans compartment. We subsequently employ the model



60 J.A. Herdadez et al.: Modeling Facilitative Sugar Transporters

We now derive the experimentally relevant pa-
rameters that characterize the kinetic properties of the
unidirectional fluxes ofS [given by Egs. (Ald) and
(Al1b)] for the simple case of the single-occupancy
model. We follow the analysis and notations employed
by Lieb and Stein (1974see alsdStein, 1986, pp. 237-
242). As mentioned above, we consider that Egs. (A11)
' apply for the zero-trans and equilibrium-exchange exper-

iments, and also for the effects of trans-stimulations.
For the zero-trans conditions, we §t= 0 andS, =
0 in the expressions for,, [Eg. (Al1a)] and v,, [EqQ.
Fig. 3. (A) Cyclic diagram representing the unidirectional flux®in (Allb)] respectlvgly. Each re'sult'lng expreSSIO.n follows
the 1 ~ 2 direction determined by the single-occupancy limit of the classical Michaelis-Menten kinetics as a function of the

model of Fig. 1. Sis bound by state€E from compartment 1, and ligand activity in the corresponding cis compartment,
released to compartment 2 in transitién— E’. (B) Similar to Fig. 3, characterized by the following parameters:
but for the 2 1 direction.
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VP, = 1R, V¥, = 1Ry

under higher saturation regimes to derive expressions f0|§2t12 = KRy/Riz andK*y; = KRyg/Ryy, @)

the net flux and for the unidirectional fluxes fin order ) )

to discuss infinite-cis and infinite-trans conditions re- Where, for the single-occupancy model under consider-
spectively. In every case, the steady-state expressiorfion, K, Riz Rpy and Ry, are given by Egs. (A12)-
are derived by means of the diagram method (Hill,(A14). In Egs. (1),V*;, and V¥, represent the maxi-
1977). Finally, we advance a numerical example (Ap_mumflux_es ulnder zero-trans condm?ns in the+t]2 and
pendix I11) to illustrate the application of the model to the 2 — 1 directions respectively, ankd®,;, and K*, the

available experimental data for kinetic properties ofcorresponding half-saturation concentrations.
GLUTL. For the equilibrium-exchange condition, we Sgt=

S, = Sin either expression for the unidirectional flux [EQ.
(Alla) or Eq. (AlD)]. The resulting expression follows
Low DEGREE OFSATURATION: SINGLE-OCCUPANCYMODEL  Michaelis-Menten kinetics as a function 8f character-
i . ized by the following maximum fluxV,, and half-
Under low saturation conditions, we assume that theatyration concentratioi, g
transport process can be adequately described by the sin-
gle-occupancy limit of the complete model of Figh.l v _ = 1/R., andK,, = KRyyfReo 2)
The kinetic condition determining this limit is given by
Eqg. (A16). The state diagram corresponding to the Si”'whereRee is defined by Egs. (A12)—(A14).
gle-occupancy regime of the transporter is the one de-  gijnce, as already mentioned, the single-occupancy
termined by cycles, bandc only (Fig. 1B); the steady- portion of the model of Fig. A is formally analogous to
state analysis of this situation is performed in Appendixy scm. it can account for the phenomenon of trans-
. Figure 3A andB show the cyclic diagrams used 10 4cceleration (Lieb, 1982; Stein, 1986, p. 240). There
derive the expressions for the unidirectional fluxesSof \yi|| pe trans-acceleration in the 2 2 (2 - 1) direction
in the two directions. As can be seen from the inspection; gy, /ds, > 0 (dv,,/dS, > 0). This requires the condi-
of Fig. 1A, and from the results derived in Appendix |, tjon thatR,, > R, (Ry; > R.) from trans-stimulation in
under the single-occupancy regime the behavior of thgne 1 _, 2 (2 _ 1) direction (Stein, 1986, p. 240).
model is formally analogous to the SCM. The idea that  Erom the above, the results of this section totally

channels undergoing conformational transitions may, Unggnform to the classical kinetic properties of a SCM
der specific conditions, behave like carriers has alread)(Stein, 1986, pp. 237-242).

been sketchedsée for instance, Baker & Naftalin, 1979;

Holman, 1980). Such an idea has been developed in

more complete form by Tueger (1980, 1984) from the HIGHER DEGREE OFSATURATION: THE COMPLETE MODEL
study of simple models of ionic channels. The same be-

havior is valid for channels with more sites; for instance,Under conditions of higher degrees of saturation, the
in the three-site model of Fig. 2, the single-occupancygeneral model of Fig. A should apply. The kinetic pa-
segment (enclosed by the dashed rectangle) is formallyameters of the model determine the range of activity
similar to the corresponding one in the model of Fi§, 1 values ofS for the single and double-occupancy limits
and would give rise to similar general SCM-type kinetic [Egs. (A16) and (A17) respectively]. Thus, the deviation
expressions. from the SCM behavior characteristic of the single-
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occupancy regime of the complete model would ranger,, = (NII;S,%)/Z, + Z,S, + Z,S)% + Z5S,°) (5)

from small perturbations to the properties of the full-

saturation regime represented, in such case, by the dowhere

ble-occupancy limit (given by cycles, d ande in Fig.

1B). As noted above, the steady state analysis of th&o = (at_1K_411r1r,GHg)/(y_19:K_41_1r1bf5)

relatively simple model of Fig.A is already very much  Z, = [a_;v,0,l1ro(K; + r)fiHg + ok 41,1, r,GH,)/

involved. The technical difficulties for such analysis be-  (y_;g,k_;1_;rb,f,)

come particularly notorious in the derivation of explicit _

expressions for the unidirectional fluxeseg, for in- Zz( [ga_kfyﬁgzrlll;zlgk)l *r)fH7 +ogkglifarG Hell

stance, Hill, 1989, pp. 68-84). For the illustrative pur-_ * /-t -1-11152'2

poses of this article we now assume that, under somés = [@-1Y102l1ra(ky + 1) fiHa/(v_ 191K 4l-arabof)  (6)

intermediate values of the ligand activities, the behavior i

of the system can be adequately represented by considith G, Hs, H; andHg defined by Egs. (A21)-(A23).
For the interval of experimental values & for

ering cycleg only (Fig. 1B), which we analyze in Ap- ) 3 o
pendix 1I. For this case, we provide the expressions repWNich terms inS;” can be neglected, Eq. (5) exhibits
saturation kinetics characterized by a maximum flux

resenting the flux oB under the infinite-cis and infinite-  >7 _ W o
trans conditions. In Fig. 4, we show the cyclic diagramsV' 12 @nd & half-saturation concentratiéifi;, given by

used in Appendix Il to derive the expressions for the,,

unidirectional fluxes ofS. 2
The net flux of S (taking as positive the 1 to 2 : ; P

direction) is given by Eq. (A15). Under a condition in- Qr;?jlct)gous considerations for the-2 1 direction would

termediate between those defined by Eqgs. (A16) and

(A7), cycle g contributes significantly to this flux vt = NIT JZ 5 Ky = (Z4/22') + [(Z' 12 + 4Z'oZ')"/2Z',  (7b)

[Eg. (A19)]. We shall employ Eq. (A19) to deduce the

behavior of such an intermediate occupancy regime un-

der infinite-cis conditions. For the 1 to 2 direction, the A

= NIlyZy; K'y, = (Z4/2Z,) £ [(Z) + 4Z42,) /27, (7a)

net flux under infinite-cis conditions (saturatir®)) is ®é_ E' Ee—F
given by
Js = (2NHg)/(H, + HeS; + HgS?) 3) v V2 v WV

whereH,, Hg andHg are defined by Egs. (A21)—(A23).
The behavior oflg as a function ofS, in Eq. (3) is

characterized by a maximum flox°®; , (corresponding to X X! ® X'

S, = 0) and a half-saturation concentratisli, , given by

Vo, = 2NITy/H,; K°, = [(He® + 4H,Hg)"2 = Hel/2H,g (4a)
Ce~C Ce . C
Under experimental conditions for which the termsia B
can be neglected'*;, will be given byK',, = H,/Hs. = N @ E s E'
Analogous considerations would lead us to conclude that
ViC21 = ZNHQ/HS; Ki621 = [(H72 + 4H5H8)1/2 - H7]/2H8 (4b)
v Y v

WhereH; andH-, are defined by Egs. (A21)—(A23).
Similar to the previous case, if terms 8 can be
neglectedK',, will be given byK',; = Hg/H,. Thus, '
under infinite-cis conditions the model exhibits a quali- X X X @
tative behavior similar to that of a SCMde,for in-
stance, Stein, 1986, pp. 239-240), although with kinetic , 2 ,
parameters different to the ones corresponding to the C——C C——C
single-occupancy case.

The total unidirectional fluxes determined by cygle Fig. 4. (A) Cyclic diagrams representing the two forms of unidirec-
tional fluxes in the 1~ 2 direction, for the model represented by cycle

are g|_ven .by Egs. (A25)_(A26)' u“der lnflnlte-trans g only. In the diagram on the lef§ is bound by intermediate foria
cond|t|on§ '_n_ the 1 2 dlrectlon,SZ Is present '.n Satu_' . and released b¢’; in the diagram on the righ§ is bound by inter-
rating activities. In this case, the corresponding unidi-mediate formx and released by'. (B) Cyclic diagrams analogous to
rectional flux [Eq. (A2%)] becomes Fig. 4A, but for the 2 1 direction.
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Table 1. Expressions derived for the kinetic parameters under the single-occupancy limit and under
the regime represented by cycle g.

(A) SINGLE-OCCUPANCY LIMIT (SCM behavior)

Maximum unidirectional flux Half-saturation concentration

V¥, = 1Ry, K*12 = KRydRy2

Ve = 1Ry, K51 = KRyRay

Vee = 1/Ree Kee = KROJRQE‘

(B) CYCLE g

Maximum net flux Half-saturation concentration

wclz = NH9/H4 Kfch = [(H62 + 4H4H8)1/2 — Hel/i2Hg
V¢, = NIlg/Hs K'; = [(H7* + 4HsHg)"2 = H l/2H,g
Maximum unidirectional flux

Vf‘lZ = NIlyZ, Kit12 = (Z/2Z)) £ [(Z,% + 425Z,)"9)/2Z,
Vit = NIly/Z', Ky = (Z2'4/2Z') + [(Z'2 + 42/ Z' )4/2Z',

zt: zero-transiee: equilibrium-exchange; Kinetic restrictiofRy, + R,e = Rys + Ry [EQs. (A12)—
(A14)]; K, Ryo, Ree Ry andR,, giuven by Egs. (A12)-(Al4).

ic: infinite-cis; it: infinite trans; Kinetic restriction: not determineld given by Eq. (A24); H4, H5,
H6, H7, and H8 given by Eqgs. (A21)—(A23),, Z,, Z,, Z'y, Z',, andZ’, given by Egs. (6) and (8).

where we now refer to Tables A and B, where we show a
. summary of the expressions derived here. Table 1
Z'y = (ke qlararaGH)/(v1GoKy 1120, fr) shows the parameters for the single-occupancy regime of
Z' = [oy_10:K (g + ro)foH, + ok l4rr, G Hel/ the complete model of Fig.A, corresponding to the
(Y192Kq 141504 f7) fluxes under zero-trans and equilibrium-exchange condi-
Z'5 = [ayy_10:K or1(1_q + ro)foHg + gk ql,rar,GHgl/ tions. Table B shows the parameters f.or the higher oc-
(y195Kq |17 o0 1) (8)  cupancy model represented by cygé€Fig. 1B), corre-
sponding to the fluxes under infinite-cis and infinite-
with G, H,, andHg defined by Egs. (A21)—(A23). trans conditions. As mentioned above, if the values

A relation analogous to Eq. (A13) should also apply obtained forR;,, R;;, Ree Ry, @andK from the experi-
for cycleg, which would restrict the explicit solutions for mental determinations of the maximum fluxes and half-
K",, andK",,, but it is not analyzed here. saturation concentrations characterizing infinite-cis and

In principle, V*,, andV",, [Egs. (&) and (b)] ap-  infinite-trans experiments coincide with those deter-
pear to be different for the model under considerationmined under zero-trans and equilibrium-exchange con-
(they should be equal for a strict SCMgeStein, 1986, ditions, the kinetic behavior of the system can be de-
p. 239), although it is difficult to predict how significant scribed by a single SCM. However, if the infinite-cis
this difference would be. Actual experiments have in-and infinite-trans experiments imply conditions of higher
deed failed to determine similar values for the maximumdegrees of saturation, as in the situation exemplified
influx and efflux values for glucose under infinite-trans here, there will be in general discrepancies (“anoma-
conditions (Lacko, Wittke & Geck, 1973; Baker & Naf- lous” kinetic findings) between the values determined
talin, 1979; Wheeler, 1986). Similarly to the infinite-cis for the relevant SCM parameters from the two sets of
conditions, the qualitative behavior of the unidirectionaldata. This is a consequence of the different kinetic pa-
fluxes corresponding to cyclgunder infinite-trans con- rameters governing the single-occupancy and higher-
ditions may therefore be similar to that of a SCM. occupancy regimes, made explicit in the expressions
shown in Table A andB.

Appendix IlI offers a numerical example of the con-
cepts commented above. The criteria and methodology
SinceRy; = Ry, + Ry — Re[Stein, 1986, p. 23%ee also  employed to determine the particular set of values cho-
Egs. (A12)-(A14)], the zero-trans and equilibrium- sen for the rate constants governing the model of Fig. 1
exchange experiments allow one to obtain humerical valare detailed in that section, and basically rest on the
ues for all the experimentally relevant parameters of aconsistency with a variety of available experimental data
SCM, Ry, Ry1, Ree Ry @andK. If a facilitative trans-  such as those summarized by Baldwibid, 1993). In
porter operates as a SCM under all conditions, thesgeneral, the kinetic parameters calculated here (Tables 2
parameters can also be calculated in an independent fashnd 3) for the single-occupancy limit of the model in Fig.
ion, from the experimental determinations\6f,,, K, 1A are in reasonable agreement with the experimental
Ve, K., V', K, V', andK",, (Stein, 1986, p. values for facilitated glucose transport across erythrocyte
239). In order to relate our results to these proceduresnembranes at 0°C (Lowe & Walmsley, 1986; Wheeler &

Discussion
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Table 2. Numerical values obtained for the kinetic parameters corresponding to the single-
occupancy limit of the model in Fig AL

(A) Experimentally relevant parameters

K = 0.107
R, = 13.19 R,, = 183.90
R.e = 2.42 Ryo = 194.67
(K: mm; R: It s mmorl?)
(B) Maximal velocities and appareKi,, values
Vinax Calculated
(mmol It™ 74 value Experimental value Experimental conditions
V3, 0.0760 0.0714); 0.150 b) zero-trans efflux
V2, 0.0054 0.00554) zero-trans influx
Vee 0.4133 0.5634) equilibrium exchange
ApparentK,,, Calculated
(mM) value Experimental value Experimental conditions
K?, 1.58 1.64 4); 3.4 b) zero-trans efflux
K#,, 0.11 0.145 (a) zero-trans influx
Kee 8.60 12.8 (a) equilibrium exchange

(a) Lowe & Walmsley, 1986;lf) Wheeler, 1986

Table 3. Kinetic parameters corresponding to the single occupancy limit and cytkiie model in Fig. 1A.
comparison with experimental values

Vmax Single occupancy Double occupancy Experimental Experimental
(mmol It s™) regime regime (cycleg) values conditions
Ve, 0.0760 0.1540 0.143) inf.-cis efflux
Vi, 0.0054 0.0109 0.005MY inf.-cis influx
Vit , 0.4133 0.5320 0.73( d) inf.-trans efflux
Vi, 0.4133 0.1920 0.21c( d) inf.-trans influx
ApparentK,,, Single occupancy Double occupancy Experimental Experimental
(mm) regime regime (cycleg) values conditions
K, 0.58 152 0.394) inf.-cis efflux
K,y 8.13 4.57 4.419); 14.6 @) inf.-cis influx
K", 8.13 7.02 8.7¢, d inf.-trans efflux
K", 0.58 1.05 0.65¢, d) inf.-trans influx

(a) Baker & Naftalin, 1979; If) Carruthers & Melchior, 1985; (c) Wheeler, 1986; (d) Wheeler & Whelan,
1988.

Whelan, 1988; Carruthers, 1990; Baldwin, 1993). In ad-appearance of higher-occupation regimes perturbs, to a
dition, in Fig. 5 we show the concentration-dependencevariable extent, the basic SCM-like behavior of the trans-
of ligand influx and efflux values obtained with the ex- porting system. We will now discuss these effects by
pressions for cyclg (Fig. 4) under infinite-cis and infi- comparing the values derived for the kinetic parameters
nite-trans conditions. The plots in this figure show whatunder the SCM-like regime with the ones determined
the results of these experiments would be if cyglep-  from the curves shown in Fig. 5 corresponding to the
resented the only kinetic mode of operation of the transdouble-occupancy regime characteristic of cygleand

port system described in FigAlto the exclusion of a with actual experimental results (Wheeler & Whelan,
SCM (single-occupancy) regime. Of course, cygles ~ 1988; Carruthers, 1990; Baldwin, 1993). These values
not likely to represent the sole regime of the transportelare summarized in Table 3.

under infinite-cis and infinite-trans conditions. How- In what follows, the values inside the parenthesis
ever, the plots shown in Fig. 5 give us an idea of howcorresponds to the single and double-occupancy (cycle
these conditions may alter the kinetic parameters wheig) regimes, respectively; values are those in Table 3.
added to a prevailing SCM-like regime (that is, modify- Under infinite-cis-conditions, the effect of cyaeon the

ing the values shown in the single-occupancy column ofigand efflux would be to increase the maximum velocity
Table 3). As mentioned above, the main idea underlyingV'¢;, = 0.076 and 0.154 mmdrlf1 s and to increase
this analysis is that under the “infinite” conditions the the apparenK,, (as calculatedK',, = 0.58 and 1.52
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mwm). Actual experiments have revealed values similar toanalysis, it is not possible to predict here to what extent
theV*;, and somewhat smaller than tK€, , determined  the sigmoidicity and inhibition-by-substrate, which rep-
under cycleg (V°,, = 0.143 mmolit™* st andK'®,, = resent other characteristics of the infinite-trans curves
0.39 nm, Baker & Naftalin, 1979). Under the same con- corresponding to cyclg, could become evident in the
ditions, the effect of cycley on the ligand influx is to  actual experimental curves.
increase the maximum velocity (as calculatstf,; = Taken together, these numerical results are quite
0.0054 and 0.0109 mmdi™* s™) and to lower the ap- consistent with the experimental findings, and therefore
parentK,, (as calculatedK',; = 8.13 and 4.57 m).  constitute an argument in favor of the plausibility of the
Experimental data of glucose influx under infinite-cis mechanism proposed here to explain the anomalous ki-
conditions are particularly contradictory, especially con-netic properties of GLUTs. The analytical and numerical
cerning determinations of the appardfy, which has studies commented above suggest a possible explanation
given rise to the view that GLUTs exhibit an “anoma- of contradictory experimental results by simply assum-
lous” kinetic behavior. For instance (Table 3), experi- ing that GLUTs consist of multisite channels undergoing
mental values may range froki®,; = 14.6 mm (Wheeler  conformational transitions allowing them to bind more
& Whelan, 1988, which is in line with the kinetic be- than one ligand molecule at a time. The nonideal kinetic
havior of GLUT1 being that of a classical SCM),K&,,  behavior of GLUT1 is revealed especially in the time-
= 4.4 mv (Carruthers & Melchior, 1985, which in the course determination of glucose influx under infinite-cis
context of the rest of the experimental results can only beonditions (Wheeler & Whelan, 1988), for which the
explained by a behavior more complex than that of aexperimental curves cannot be fitted by a curve obtained
SCM). Fittingly, the value oK'®,, obtained in our sim- from a SCM with a single appareit,. If the mecha-
ulation under the exclusive-cyctpregime is similar to  nism proposed here turns out to be appropriate, the ex-
the latter experimental value. Together with the consisplanation of this phenomenon would be that, as glucose
tency between the results of the simulations performeds taken up by the transporters from the high-concen-
here and the experimental data, this fact constitutes atration extracellular compartment, the transport regime
interesting argument in favor of the mechanism sug-starts in SCM mode but gradually shifts to more complex
gested here to explain the anomalous behavior ofegimes involving higher-occupancy states. Also in fa-
GLUTSs. vor of this idea is the fact that, for the time-course ex-
Under infinite-trans conditions, the effect of cyge periments under infinite-cis conditions, the erythrocytes
on the ligand efflux is not significant in the range of are usually pre-equilibrated at low concentrations of glu-
ligand concentrations evaluated hevé,(, = 0.4133 and  cose, which would dictate initial conditions where only
0.5320 mmolt™s%; K'*,, = 8.13 and 7.02 m; Table 3), empty or single-occupancy states of the transporter
except for the appearance of curve-sigmoidicity, due tovould be present. An alternative explanation of the
the presence of terms 82 in Eq. (5). For higher ligand time-course experiment by means of the two-oligomer
concentrations, the curve should reveal inhibitiong)y = model of GLUT1 (Hebert & Carruthers, 1992) should,
due to the presence of terms%t in the denominator of for instance, require that during the period of time cor-
that equation. Under the same conditions, the effect omesponding to the study and under constant experimental
the ligand influx is analogous to the effect on the efflux, conditions, except for the accumulation of glucose in the
although for a lower range of concentrations$pfn this  erythrocyte, the transporter gradually converts from the
case). Thus, inhibition b, appears rather early in the dimeric, SCM-like form, to the more complex allosteric
plots. In addition, the kinetic parameters determined fortetramer.
the single-occupancy limit and for the exclusive-cygle- Besides the kinetic aspects discussed above, other
regime are not very differen¥(,;, = 0.4133 and 0.1920 arguments in favor of the mechanism proposed here
mmollt™* s K'",, = 0.58 and 1.05 m, Table 3). Both come from structural considerations. The multiconfor-
for the efflux and the influx, these simulations are in mational channel model represents a more realistic
good agreement with experimental determinations (efmechanism to account for the transport processes medi-
flux: V', = 0.73 mmollt™ s* andK",, = 8.7 mv;  ated by complex membrane proteins than the classical
influx: V,; = 0.21 mmollt™ st andK™,, = 0.65 mv; but simplistic four-state SCM (Hefndez & Fischbarg,
Wheeler, 1986; Wheeler & Whelan, 1988, Table 3). 1tis1994). Thus, contrary to the case of a classical one-site
interesting to note, in particular, that cyaleyields a  SCM, a two-conformational channel model can be em-
better approximation (0.53 and 0.19 mnttof s_‘l, Table  ployed to account for ligand-water interactions inside the
3) to actual experimental values of,, andV",, (0.73  channel and still retain a kinetic behavior similar to that
and 0.21 mmolt™ s, Table 3) than either our current of a SCM (Herriadez & Fischbarg, 1994). The present
(0.4133 and 0.4133 mmdi~* s%, Table 3) or another view that some facilitative transporters of the type of the
previous simulation (0.43 and 0.43 mmil* s*,  GLUTs behave as multifunctional systems (Sofue et al.,
Wheeler & Whelan, 1988) which assume exclusive SCM1992; Vera et al., 1993; Fischbarg & Vera, 1995), me-
behavior. Due to the approximate nature of the presendliating the passage across membranes of diverse species
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Fig. 5. Plots of the ligand flux (mmol &t s™) as a function of the corresponding ligand concentratiom)imander infinite-cis and infinite-trans
conditions, and for cyclg only. (A) J°,,: infinite-cis efflux, using Eq. (3);B) J°,,: infinite-cis influx, using the version of Eq. (3) corresponding
to S;; (C) J'.,: infinite-trans efflux, using Eq. (5);0) J',,: infinite-trans influx; using the version of Eq. (5) correspondingSio The kinetic
parameters shown in the panels were directly obtained from the curves. TheyWveneximum flux, mmol It* s%; K: ligand concentration
corresponding to one half of the maximum fluxmm

including water, further supports the idea that a mechazero-trans and equilibrium-exchange conditions. The
nism more complex than a SCM is in operation. To sum-main conclusion of this work is therefore that, for facil-
marize, the analytical results obtained in this work for aitative transporters with kinetic behaviors that do not
simple example of a multiconformational channel modeleasily fit a SCM, as could be the case of GLUTS, their
confirm that, under the single-occupancy regime, the kiproperties may be explained by a multisite multiconfor-
netic behavior of the model is indistinguishable from thatmational channel model capable of displaying higher
of a SCM. Such regime has been assumed here to comhan single ligand occupancies.

stitute the fundamental mode of operation of a facilita-

tive transporter of the type of the GLUTS under zero-This work was supported by National Institutes of Health Grant
trans and equilibrium-exchange conditions, and for theEY008918, and in part by National Institutes of Health Grant CA08748
studies of trans-stimulations. The SCM behavior of theand by Research to Prevent Blindness (RPB). JAH was supported by
single-occupancy regime thus determines consisterft Fulbright Commission Award _and by an RPB Travel Fellowship, and
properties for the experimentally relevant parameterd?as on leave from the Universidad de la Reja, Uruguay.
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Vi = [N, + 11p3,)S)/3] (DelosDy) (A79)
Appendix | Vo1 = [N, + 1,3,)S,/3] (DeloyDy) (A7b)

wherea_,D, (D) is the sum of all the directional diagrams of state
STEADY-STATE ANALYSIS OF THE E (E’) in the diagram of Fig. & (3B), that contain step_; (c;). Hence
SINGLE-OCCUPANCY MODEL

Dy = 1iDy" + 1Dy +ryr(ly + Boy)(key +By) (A8)
We perform here the steady-state analysis of the model corresponding
to the single-occupancy limit of the diagram of Figh,mploying the ~ From Eqgs. (A5) and (A8), we can expreBs andDg. as
method derived by Hill (1977). For the analysis, we consider thiat
the total amount of transporters (for instance, expressed as a density, Pg = a_;D, +r,b,D\°S;;
mole/cn?), and thatS, andsS, are the activities of the transported ligand = c
in compartments 1Salnd Z?Zespectively. As itis shown in FAg.4,, b, P 20+ T0DvS, (A9
M T Ky Kogy lyy 1oy 0, 0y, By, @nd By, are the rate constants  Eqs. (A7)—(A9) and the condition of detailed balance [Eq. (A2)] can be
governing the kinetics. Since only cyclasandb (Fig. 1B) resultinnet  employed to demonstrate that, as required,
transport ofSunder the single-occupancy regime, the net flus@ly),

taking the 1 to 2 direction as positive, is given by Js = Vip— Vg (A10)
Js = (NZ) (L3, +11,%) (S5, - S) (A1)  The unidirectional fluxes,, andv,, can also be expressed as
where, under the restriction of detailed balance, Vi, = (T;S;, + T:S,S)/E, + E;S, + ESS, + E;S,S) (Alla)
T, = bykyBrsos = bKBaris Vo1 = (T2 + TeSS/(Ep + EiS, + ES, + EsS,S) (A11b)
Iy, = bylBarya_y = bol_B_iriaq (A2) where, from Egs. (A4)—(A10),

and where>,, and3,, are given by T, = T, = NIz, +I1,3,)

S = 4By S, = Ky 4By (A3) T3 = (T,/D)(r,b,DYa_;) = (T,/D)(r,b;DyYaxy)

(oeg + a)[rDy® + 1Dy +1aro(ly + B_p)(key + Byl
b{r:Dy° +a_4(Dy® + Dy + Dy’ +Dy%) +a_yf,[(ly + Bk,

0
The denominato® is the sum of all the directional diagrams corre- E,
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+By) tki(ly +B_y) + Bk, + B} Under this condition, only cyclesandd are significantly determining
E, = b{rDy° +ay(D\® + Dy + Dy +Dy%) +aury[(l; +B_r)(ky Iig[i?d ‘transport. Thus, the net flw™ [Eq. (A15)] now becomes
+B2) +Boally + Bo) + (ks + B} Js™ given by
— C c C
E; = (D + Dy© + Dy¢ + Dy9b;b, (A12) Jel = g dbl 4 3 bl (A18)

Besides the condition of detailed balance, transport models of the YR nder any condition intermediate between those corresponding to

o_f Fig. 1A are also_squ_ect to kinetic restrictions. For the case of the(AlG)and (A17), the complete model of FigAtas to be invoked.
single-occupancy limit, it can be demonstrated that For some interval of the ligand activities, cydecould approximately
represent the average mode of operation of the model. One necessary
condition to fulfill this situation would be thdtS, > B, andf,S, > B_;
simultaneously. We now proceed to derive explicit expressions for the
fet and unidirectional fluxes determined by this cycle. The net flux of

S determined by cyclg only, J&2, is given by

E, +E, = EoT4fT, + E5T4/T, (A13)

The unidirectional fluxes can also be expressed as functions of th
relevant experimental parametefs R, R,;, Ry and R (Lieb &
Stein, 1974; Stein, 1986, pp. 237—242). The following definitions re-

late them to the factors expressed by Eqgs. (A12): 3§ = 23, (A19)
K = Ti/Ts KRoo = Eo/Ty; whereJ, represents the cycle flux of cyofgfunctioning separately, and
Rz = EifTy; Ryy = EofTy, andRdK = E4fT, (A14) s in turn given by

. Jy = (NZQHS, - S) (A20)
Appendix Il

In Eq. (A20) X, is the sum of all the directional diagrams of all the
states for cycley only:
SoME GENERAL CONSIDERATIONS ABOUT THE COMPLETE
MoDEL (FiG. 1A). STEADY-STATE ANALYSIS OF THE Sy = D2 +Dgf+ D2 +Dy?+ D@ + Dy 9+ D2 + D (A21)
MopEL REPRESENTED BYCYCLE ¢ (FiG. 1B)
where
We offer here some general considerations about the complete model
of Fig. 1A, and then perform the detailed steady-state analysis of theDe? = a_1K4l17112G + a_yv1@olira(Ky + 1S, + ayy_1G:K4ri(l-4
model represented by cyclg only (Fig. 1B), using as before the +1)f,S, + y 101Kl 11 10,f,S,7
method developed by Hill (1977). Superindexes “cm” and “dbl” D9 = a,k ;511G + oy Oal1F oKy + )5S, + 0 y_19aK aF1 (11
indicate parameters corresponding to the mode of operation of the + r)6S, + y10:Kl4rob, ;S
complete model and the double-occupancy limit, respectively. Superz, 4 _
index “g” indicates parameters corresponding to cyglenly. Ab- DY+ - a’llﬁlllngblf’f a’ﬂ’il:gélf +2ri)b1f281|§2| bbfSS.2
sence of superindex indicates the mode of operation of the single- 0-rYaGolalayFi S+ €y 1Bkl aboloS™ + y1 Gkl Db 1SS,

occupancy limit $eeAppendix I). Besides the rate constants consid- Pv? = caKalifGb,S, + arv1Gla (ke +r)b,f1S S

ered in Appendix |, the constants f,, g,, 0,, 'y, andy_, govern the + Y1k ar D087 + g yaGokel1bi S, + 105Kl 1bibof1 S8,
kinetics. A particular case of the model would be given, for example,D,@ = a_;k;1;r,Gb;S; + ayy_1G5l_1(Ky + 110,557 + a_yy_10:K; (14
by the conditiorb, = f, b, = f,,r; = g, 1, = O, a; = By = v, @nda_; +1)0,5,8S, + y_10:Kil_1b;b,F,S S,

= B_; = Yy, that would imply that both the_ pmdlng and release of ligand Dy = ask gl r,GhS, +ayy,0il_y(ky + 1)) BoESS, + o yvi0ky (g
molecules, and the conformational transitions, are not affected by the b.f.S2 k.| -b.b.f.S2
+1)0:f1S° + v10:K:|_1010,F1S°S,
occupancy state of the transporter. g R 5
For the complete model of FigAl the movement oS between ~ Dc” = @-akili2(v-1 * 92)Pfa S + cpy gl (ks + rbofi 25,5,

compartment 1 and 2 is determined by cydes, d, eandg (Fig. 1B). + oy 1Kol ariBo5S% + gy k(g + )b fi5,°S,
The net fluxJS™ is therefore given by +y-akylabibof, 15,782
Dc? = agKoql_af1(y1 + 9DBofS7 + agyal_a(ky + 1)byf1 .58,
IS = I+ I A I+ IS+ 27T (A15) + o yyikalarbs 1S + ayyika(1g + 12)bafiF2S,%S,
+y1kyl_4b,0,f,f,5,%S,? (A22)

where J,°", J,°™, 3T, IS, and J,°™ are the corresponding cycle
fluxes taken positive, for instance, in the counterclockwise direction. with G = v,09, +y_10; + 0,0,
There are two limiting behaviors of the model, that correspond to For the case represented by cyglenly, the steady-state density
the single and double occupancy regimes respectively. It can be denN of theith state is therefore given dy;® = N D9/%.
onstrated that the necessary condition for the single-occupancy limit is From Egs. (A21)-(A22) we notice thal, can also be expressed

by
rurz > 0,5,b,S andgy.g; > 1,515 (A16)
34 = Ho+ HiS; + HyS, + HiS,S, + HS% + HsS)? + HeS%S;
Under this condition, the model becomes the one analyzed in Appendix + H,S,S,% + HgS,%S,? (A23)
I. Correspondingly, it can be demonstrated that the netFifik [given
by Eqg. (A15)] becomesg [given by Eq. (A1)]. where theH'’s are functions of the rate constants and are independent
Analogously, it can be demonstrated that the necessary conditioof the ligand activities.
for the double-occupancy limit is In Eq. (A20) detailed balance requires that

b,S, b,S, > 1y, 1y andf;S;, 1,8, > g4, 9, (A17) g = bkyfy,Qlirooy = byl sy 10:K 1l (A24)
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Figure 4A andB show the cyclic diagrams corresponding to cygthat g, =1x10s? g, = 5408.806 %
can be_ used to derive the expressions for t_he unld!rectlonal flux®s of v, = 90.3 %, v, = 1113 s,
By using the schemes shown in these figures it can be seen that,

considering for instance that 1 to 2 direction, a molecul& ofill be

released at step’ — X' if bound by stateE, and at stepr’ — E' if The values for the rate constants governing the conformational transi-
bound by stateX. Therefore, the total unidirectional fluxes,® and  tions between the empty and occupied states of the transporter were
Vp,? inthe 1~ 2 and 2- 1 directions respectively, are given by taken from Lowe and Walmsley (1986). The values for rest of the rate

constants were determined heuristically by trial-and-error so as to fit all

— E X
Vi = Vig Vg (A253) the experimental data; of course, given the large number of rate con-
Vor? = VB + v, X (A25b) stants governing the system, the set of values obtained in such manner

may not be unique. For the values shown above, the equilibrium dis-
where sociation constants at the inner and outer binding siteK gie) = r,/b;
e 2 g g = 25 mv andK4(out) = r/b, = 10 mm respectively, in agreement with

Viz- = (NI (S "Def)/(-alar-D, )] experimental evidence (Baldwin, 1993). The rate constantandl_,,
v, = (NI/Z)[(S,°Dyd)/(ce_1K;0,S,D, )] andg,, were imposed by the conditions of detailed balance expressed
Vor® = (NII/E)[(SDe 9/ (koD )] by Ec_}rs,h (,?Zt) Ia(;]d (A241 trr(]asr:ectivelilt. ot 5 x 1010 |

. e total density of the transporter was s x mmo
Vor = (NIZ[(S," D)/ (et-1l17D, )] (A26) 2 b P

cm 2, assuming a surface are® of 1.4 x 10° cn? for a human
With D2 = k416G = vi(ky +1)f,S, andD = 1,r,G +v_,Gy(l_y +1,) erythrocyte, such densi_ty represent§ approxinyg,ﬁetx 1Cf GLUT1
£,S,. Egs. (A25)—(A26) and the condition of detailed balance [Eq. COPieS per cellgeeBaldwin, 1993). With these units, the ligand fluxes

(A24)] can be employed to demonstrate that, as required, are expressed in mmol ¢fhs™. Since most experiments determine
variations in ligand concentration per unit time, a conversion factor
VT = Vo = vt — vt = gy (A27) appears. Thus, for instance Jfis the net ligand flux (in mmol cn?

s considered positive in the 2. 1 direction, the variation in the
Kinetic restrictions analogous to the one represented by Eq. (A13) folintracellular concentratio8, will be given bydS/dt = (A/V)J.. Here,
the particular case of the single-occupancy limit may apply to theV is the volume of the human erythrocyte, which we take to be 9 x
model represented by the cydeonly, but they are not analyzed here. 107! cmd.
Table 2 shows values calculated for the kinetic parameters cor-
responding to the single-occupancy mode of Fig. With the rate
Appendix [l constant values above. The experimentally relevant parameters were
determined using equations (A12)—(A14). These parameters were in
turn used to obtain the values for the maximal velocities and apparent
Ks shown in the lower portion of that table.
Figure 5 shows the dependence of the ligand fluxes on the cor-
responding ligand concentrations under infinite-cis and infinite-trans
c](:onditions, using the rate constants above in the expressions for cycle
g. Figure BA (efflux in Eq. (3) as a function 08,) describes efflux
under infinite-cis conditions (that is, saturatiSg. Analogously, Fig.
5B corresponds to influx under infinite-cis conditions (e.g., saturating
S,). Figure & (efflux in Eq. (5) as a function 08,) describes ligand
b, = 6 x 1F cm® mmort s b, = 6 x 16° cn® mmolt s°%; efflux under infinite-trans conditions (saturatii®y). Lastly, Fig. D
describes influx under infinite-trans conditions (saturat®y The

A NUMERICAL EXAMPLE

Our objective here is to calculate values for the appaterg and
maximum velocities for the model of FigAlunder different experi-
ment conditions. We do this for both the single-occupancy regime an
cycleg. We compute a particular set of numerical values for the rate
constantsgee beloy subindices 1 and 2 denote intra and extracellular
compartments, respectively. The rate constants we computed are:

ri=15x10 % rp = 6x10° s maximal velocities and appareHt, values for these fluxes were ob-

ky =2x10s™ k., = 1081.761 8% tained from the respective curvesegFig. 5 legend and Table 3).

l, =2x1Fs™? I_, = 1081.761 8% Table 3 shows the maximal velocities and appateps under

a, = 0.726 %, a, = 121 8% infinite-cis and_ |nf|n|t_e—trans cond|_t|0ns obtained fom) (the single _
occupancy regime using the experimentally relevant parameters (Stein,

B, = 90.3s% By = 1113 % 1986, pp. 237-242) listed in Table 2y)(for cycle g only (derived in

f, = 3x 1F cm® mmolts%; f, = 3 x 1¢F cm® mmolt s Fig. 5); and ¢) actual experiments.



