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Reduction of an Eight-State Mechanism of Cotransport to a Six-State
Model Using a New Computer Program

Said Falk, Alexandre Guay, Catherine Chenu, Shivakumar D. Patil, and Alfred Berteloot

Membrane Transport Research Group, Department of Physiology, Faculty of Medicine, Université de Montréal, CP 6128,
Succursale “Centre-Ville,” Montréal, Québec H3C 3J7, Canada

ABSTRACT A computer program was developed to allow easy derivation of steady-state velocity and binding equations for
multireactant mechanisms including or without rapid equilibrium segments. Its usefulness is illustrated by deriving the rate
equation of the most general sequential iso ordered ter ter mechanism of cotransport in which two Na™ ions bind first to the
carrier and mirror symmetry is assumed. It is demonstrated that this mechanism cannot be easily reduced to a previously
proposed six-state model of Na™-p-glucose cotransport, which also includes a number of implicit assumptions. In fact, the
latter model may only be valid over a restricted range of Na* concentrations or when assuming very strong positive
cooperativity for Na* binding to the glucose symporter within a rapid equilibrium segment. We thus propose an equivalent
eight-state model in which the concept of positive cooperativity is best explained within the framework of a polymeric
structure of the transport protein involving a minimum number of two transport-competent and identical subunits. This model
also includes an obligatory slow isomerization step between the Na™ and glucose-binding sequences, the nature of which
might reflect the presence of functionally asymmetrical subunits.

INTRODUCTION

The high-affinity, N&-p-glucose cotransport system 1986). In this concept, coupling of the N and S fluxes results
(SGLT1) has been considered throughout the years as refrom the formation of an N-S carrier complex that under-
resentative of a larger class of membrane transport proteirgoes another conformational change, accounting for the
that use electrochemical gradients for ions to accumulatelifferences in compartmentalization of the two molecules
organic molecules in a variety of prokaryote and eukaryoteduring the transport cycle. With the demonstration that
cells (Schultz and Curran, 1970; Crane, 1977; Semenza &8GLT1 couples the transport of two Naons to one glu-
al., 1984; Kimmich, 1990; Wright, 1993). The structural cose molecule (Kimmich and Randles, 1980; Moran et al.,
basis underlying the specific and efficient coupling of glu- 1988; Parent et al., 1992a; Chen et al., 1995), and because
cose transport to Naflux is currently unknown, so most of ordered substrate addition is usually assumed (Kimmich,
our understanding of the coupling process per se relies990; Wright, 1993), it turns out that the simplest models of
heavily on a number of kinetic studies performed in brushcotransport mostly considered in recent kinetic studies all
border membrane vesicles (Hopfer and Groseclose, 198@elong to the family of terreactant systems, which is com-
Kessler and Semenza, 1983; Moran et al., 1988; Koepsell fosed of the three possible eight-state sequential iso ordered
al., 1990; Chenu and Berteloot, 1993), intact cells (Restrepger ter mechanisms, i.e., the so-called S:N:N, N:S:N, and
and Kimmich, 1985a,b, 1986; Kimmich and Randles,N:N:S models (Restrepo and Kimmich, 1985a). The first
1988), and SGLT1 cRNA-injected oocytes (Parent et al.possibility seems to be ruled out by those kinetic studies,
1992a; Loo et al., 1993; Hazama et al., 1997). showing that N& is mandatory for both glucose cotransport
Most contemporary approaches to Mglucose cotrans-  and phlorizin (a specific inhibitor of SGLT1) binding to the
port kinetics involved the mobile carrier concept, which carrier (Restrepo and Kimmich, 1985b, 1986; Chenu and
mainly states that the activator (NaN) and substrate Berteloot, 1993; Oulianova and Berteloot, 1996). The sec-
(glucose, S) binding sites are only accessible from one sidgpq possibility is advocated by the Kimmich group (Kim-
of the membrane at a time through isomerization of themjch. 1990), and its value as a likely kinetic scheme of
unloaded transporter (Schultz and Curran, 1970; Heinz &{a*/glucose cotransport relies on the validity of the as-
al., 1972; Jacquez, 1972; Crane, 1977; Stein, 1981; Turneg,mption previously dismissed by Hopfer and Groseclose
1981, 1983, 1985; Sanders et al., 1984uger and Jauch, (19g80) that N and S binding to the carrier occurs under rapid
equilibrium conditions. Accordingly, these two kinetic
schemes will not be considered any further in the present
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al., 1997). The characteristic feature of the kinetic schematrated by deriving the rate equation of the general eight-

proposed by this group is that the expected eight-statstate N:N:S mechanism of N#glucose cotransport and by

N:N:S mechanism of cotransport was reduced to a six-stateesting a number of hypotheses that would justify its reduc-

model in which the binding of the two Naions to the tion to the six-state model of Parent et al. (1992b). It is

carrier is described as a single reaction step (Parent et afipally shown that the unique solution to the latter problem

1992b). However, no direct proof of the two hypothesesinvolves high positive cooperativity for Nabinding within

originally claimed by Parent et al. (1992b) has ever beera rapid equilibrium segment before a slow isomerization

provided by the authors to justify such a simplification step itself, followed by either steady-state or rapid equilib-

procedure. rium addition of glucose, a kinetic mechanism that is best
So far, the major deterrent to the consideration of generalationalized when assuming a dimeric structure of the

ter ter mechanisms of cotransport has been the forbiddingl$GLT1 protein.

tedious nature of the derivation of steady-state velocity

equations therefrom. Indeed, the number of valid King-

Altman patterns would increase from 15 to 56 when going'VI‘L\TE':“"\LS AND METHODS

from the model of Parent et al. (1992b) to its eight-stateTheory

counterpart, and a number of simplifications other than the ) .

reduction proposed by these authors have been consistenffi"¢"@ considerations

introduced in the past to minimize the complexity of the The problem of writing the rate equation for a reaction mechanism has

derivation process. Note that the latter usually involvedbeen greatly simplified by the schematic method of King and Altman

various assumptions about the rate-limiting steps in thé1956)' which was reformula_ted in purely algebraic terms_ by_ _Cor.nish-

transport cycle (rapid equilibrium assumption) (Turner, Bowo!en_(1977) for computational purposes. Becauge the Jgstlflcatlgn of

. . . the King-Altman approach was adduced by an analysis showing that it was

1981, 1983, 1985; Kimmich, 1990), the symmetry of bind-pased on the determinant method for solving nonhomogeneous linear

ing events at the two membrane faces (Jacquez, 1972puations (King and Altman, 1956), it was also proposed that a systematic

Kimmich, 1990; Parent et al., 1992b), the symmetry ofsolution of the simultaneous steady-state equations characterizing a kinetic

translocation rate constants (Schultz and Curran, 1970), adaechanism removes the need to identify the King-Altman patterns, be-

the lack of mobility of partially loaded forms of th rrier cause terms that would have arisen from patterns containing closed loops
elack o 0 y Of partially loaded forms of the carrie automatically cancel (Hurst, 1967). As discussed by Cornish-Bowden

(Kimmich, 1990). To our knoyvledge, the_ effect of these (1977), the latter approach is slightly more general but may lead to longer
assumptions on the mathematical expression of the rate lagxecution times on a computer. From a practical point of view, however,

characterizing the most general model has never beeifs computerization does not require any understanding of the principles
evaluated underlying full and efficient use of the rules to identify the valid King-

= th tical int of Vi it Id that th Altman patterns (Hurst, 1969; Fromm, 1979; Herries, 1984; Ishikawa et al.,
rom a theoretical point ot view, it would appear tha e1988). Accordingly, the program to be presented below relies on the

derivation of a cotransport model should be as general asystematic expansion of determinants characterizing a matrix with dimen-
possible. However, to decrease the number of significandionn, wheren corresponds to the number of carrier species involved in a
parameters that can be determined at the experimental levéfansport cycle.

it is usually recommended to use the simplest model pre-

dicting an equivalent ratg law (Stejn, 1981?. Simil.arly, ifthe ~/culation of rate equations using the

general form of a velocity equation relative to its depen-yeterminant method

dence on a specific substrate concentration has been estab-

lished experimentally the rate law predicted by the mOSfl'he application of the determinant method (Hurst, 1967) to the analysis of
| del might ' lex th tcomplex transport mechanisms is illustrated by taking the general eight-
gencral moael might prove more complex than necessary Qate N:N:S mechanism of Ni#glucose cotransport shown in FigAlas an

explain the behavior of the real system (more terms tharyample. This model is associated with the following set of differential
needed would appear in the theoretical velocity equation)equations:
For practical purposes, then, a number of variations in the
. : X |

design of a basic 'model often need to be evalugted, and Wlth o —[Kyp + Kig(Na)IN; + KogN, + KgyNs (1)
complex mechanisms at least, such a systematic approach is
necessarily tedious and prone to human errors. It would thus
be .most ad\{antageogs to resort to computer programs.to th = KyoN; — [Kog + Kog(Nag) IN, + ksoN; (2)
derive velocity equations; however, none of those previ-
ously published in the field of enzyme kinetics (Rhoads and dN
Pring, 1968; Hurst, 1969; Cornish-Bowden, 1977; Fromm, d—ts = Ky3(Nay)N, — [Ksp + Kga(N@y) + Kag]N;
1979; Herries, 1984, Ishikawa et al., 1988) appeared to us to
be readily suitable for. achmvmg this goal. + KN, + KgaNg

In the present studies, we first present a new computer
program that should allow anyone to derive velocity and L
binding equations for complex kinetic mechanisms involv- dat Ksa(N@o)Ns — [Kas + Kas(So) + KazINa
ing multireactant systems with or without rapid equilibrium 4)
segments. The usefulness of the program is next demon- + KsaNs + k7N,

©)
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dNg
— = kig(N&)N; + ksgN3 + kzgNy

ouT . IN a (8)
N, 2! N, — [Ke1 + ez + ke7(N&) INg
k
Nag~ 2 L —Na; which express the time dependence of thedirier forms. Under steady-
state conditions, where alNJdt = 0, and because the Narrier forms are
Kog || ka2 kg1 || K18 i : :
linked through the conservation equation,
Ksg 8
Ny Ng _
Nag~ Kas | Na, Ny = > N, 9)
i=1
kaq | |Kas kzg || Ke7 o _ _
in which Ny is constant and represents the total amount of transport protein,
Ky the concentrations of thb|; carrier forms can be found by solving the
N, N, matrix equation
s k74 s
o™ o 11 1 1 1 1 1 1
k45 k54 k57 k76 A21 A22 A23 O 0 O O 0
. 0 Ap Az Ay 0 0 0 Ag
N, 56 N, 0 0 Ag Ay As 0 Ay O
Kes 0 0 0 Ay As As 0 O
0 0 0 0 As As Av O
B 0 0 0 Ay 0 Ag Ay Ag
Pi 0 As 0 0 0 Ay Ag
ouT . IN
21
Ny . N, Ny Ny
2 Nag—| 12 2 Na; N, 0
N 0
kag || ka2 k71 || K17 N, 0
= 10
Kaz N 0 (10)
N4 K N7 NG O
So—~| 74 LS, N, 0
kg || Ksa kg7 || K76 Ng 0
K In Eq. 10, the first line expresses the fact that Eq. 9 has been substituted for
N 56 N Eg. 1, and the algebraic expressions of Ayeelements in the main matrix
5 6

on the left-hand side correspond to the coefficients ofNhearrier forms

to be found in the system gfequations j(= 2—8) defined above. The
steady-state rate can then be calculated from the known steady-state
concentrations of thod§; carrier forms that appear in the definition of the
velocity equations

k65

FIGURE 1 Kinetic models of Na-D-glucose cotransportA] Sequential
iso ordered ter ter mechanism in which the two'Nans bind first to the
carrier and mirror symmetry is assumed®) (Reduced six-state model
proposed by Parent et al. (1992b), in which the two"Niens add simul-
taneously to the carrier in a steady-state fashion. Note that the numbering Ve
of the different carrier species B is different from that proposed origi-

nally by these authors and has been chosen to make easier a direct d(N )
comparison with the model iA. In both A andB, Ng, and Na stand for g
external (OUT) and internal (IN) Na, and &nd S represent external and Ve = g kzgN7 + KgiNg — Kig(N&)N; — kg7(Na)Ns

_ds)

Tat = ke7Ns — kze(S)N; (11)

internal glucose, respectively. Further details are given in the text. (12)
relative to substratevf) or Na* (VN transport, respectively.
dNs — Application to transport models involving rapid
= Kas(SINy = (kss + keNs + ks (5) licat
equilibrium segments
dN The simplest hypothesis that may be involved in reducing the complexity
5 — kseNs _ (kes + k67)N6 + k76(S)N7 (6) of a kinetic mechanism is base(_j'on the time-scale separation hypoth_eS|s,
t which states that not all transitions between the elementary reactions

leading to substrate flux proceed at the same rate, so that only the slowest

dN ones can be seen in realistic experiments. Accordingly, some steps along
Rl kN, + k67N6 the transport pathway may be assumed to be very rapid when compared to
dt (7) others, so as to have reached near-equilibrium during the steady-state phase

of the reaction. Most computer programs developed in the past cannot
derive rate equations when the mechanism involves rapid equilibrium

— [Kza + Kkz(S) + kzg]N7 + Kg7(Na)Ng
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segments (Rhoads and Pring, 1968; Hurst, 1969; Fromm, 1979; Herriey,in Fig. 2A), and all rate constants leading away from these blocks should
1984). Moreover, the Cornish-Bowden program (1977) requires somée weighted according to the reactive fractiprof those carrier species
preparation of the data for presentation to the computer, and the softwar@volved in each block. From the definition of the dissociation constants
of Ishikawa et al. (1988) does not take advantage of the possibility ofgiven by Eqgs. 13-14,

reducing the matrix size when applying Cha’s rules (Cha, 1968). The latter

is illustrated in the following, using the model shown in FigA2which Nl(Na) Ks1

formally states that the binding of the first Ndon to the inside- and 18~ Ts = kils (13)
outside-facing carrier sites occurs under rapid equilibrium. Note that this

mechanism illustrates one of the hypotheses formulated by Parent et al. NZ(Nao) k32

(1992b) to validate the reduction of the general eight-states model of Kyg=—— =7 (14)
cotransport shown in Fig. A to their six-state model presented in FigB.1 N; Kas

Following Cha'’s rules (Cha, 1968), each group of carrier forms at

equilibrium with each other can be treated as a single block (nanae the composite carrier specidl andN,, constitutive of the two blocks

andy, can be expressed by Egs. 15 and 16, respectively:

(Nay)
A N,=N,+ Ng= Nyl 1+ > (15)
Kas
ouT IN
X o Y (Na)
I N e — I T N, =N;+Ng=N; 1+T (16)
i 2 < — 1 1 18
! : Kz ! :
I ! : 'Na. from which thef; fractions can be calculated as shown in Egs. 17-20:
NaOI Ko |K18 Na;
| 231 | !
| ! | ! Nl Klg
[ ! [ ! == "= a7
1 k38 1 1
: N3 :-k—>: '_\18_ B : Ny KlB + (Na)
Nag—| % | —Na, N, Kays
fp= = 18
Kaa || K43 kzg| | Ko7 27N, Kyu+ (Nay) (18)
N k47 A _ N3 _ (Nao)
3 K 7 =N, T Ko+ (Nay (19)
So— 74 L—S, X 23 Y
Kes || Ksa Ksz || k76 - Ng  (Na) (20)
Kss & N, ~ Ky + (Na)
N
Ns Kes 6 The six-state mechanism shown in FigB2s thus formally equivalent to
its eight-state counterpart in Fig.A so that six differential equations are
B now sufficient to fully describe the proposed kinetic scheme with concom-
itant reduction of the matrix dimensions in Eg. 10. When the new set of
ouTt IN differential equations is established, the conservation equation (Eq. 9)
Koifa . Kagfs should be modified to account for Egs. 15 and 16, and a number of
N, N, apparent rate constants now need to be used with algebraic expressions, as
Nag—| Kiafy  Kaafg L —Na, indicated in Fig. 2B. Note that the complex expressions connecting\the
andN, carrier species result from the rule of additivity of parallel pathways
kagfs | | Kas k7g || Ka7fs proposed by Volkenstein and Goldstein (1966). Note also that the defini-
tion of VM@ given in Eq. 12 has to be modified as shown in Eq. 21:
ka7
Ny " N7 V2 = 2[ksgN; — kaz7(Na)Ng] (21)
Sp— 74 —S,
whereNg = fgN, according to Eq. 20. The reduced kinetic scheme thus
Kys | | Koa ke7 | | Kze appears equivalent to a cotransport mechanism leading to the steady-state
release of two Naions in a single step, as proposed in the model of Parent
Kse N et al. (1992b).
N
® Kes °

o ) Computerization of the determinant method
FIGURE 2 Simplified models of Nab-glucose cotransportAj It is

assumed, as proposed by Parent et al. (1992b), that rapid equilibriurihe main features of the program are presented in Fig. 3 as a flowchart.
binding of the first Nd ion is followed by steady-state addition of the The program was written in Mathematica language, which is well suited for
second N4 ion. x andy represent the two blocks within the transport cycle mathematical applications like linear algebra, analytical calculations, and
(marked in dashed lingswhere the carrier species are linked through a algebraic manipulations (Wolfram, 1993). Moreover, in contrast to tradi-
rapid equilibrium reaction.K) Equivalent six-state model reduced accord- tional programming languages such as Fortran or BASIC, which handle
ing to Cha’s rules (Cha, 1968).,Nand N, represent the summation of only numerical computations, Mathematica also performs symbolic and
those carrier species that are linked through a rapid equilibrium sequenagraphical computations (Wolfram, 1993).

in the transport cycle. In both andB, the numbering of the carrier species The data input method is illustrated in the Appendix, using the kinetic

is similar to that indicated in the legend to Fig. 1. Further details are givenrmechanism of cotransport shown in FigA2 The process is interactive,

in the text. includes several tests to avoid human errors, and can be checked as a whole
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Implementation

Call data file

Hlew model? The program was written for a text-based interface configuration of Math-

ematica and was implemented on the mainframe computer at the Univer-
sity of Montreal (UNIX system). It has since been run with similar
efficiency on a Pentium PC Pro (200 MHz, 32 Mbytes RAM) with a
notebook configuration of Mathematica. In its present form, the program
has been devised without any limitation to the number of either carrier
species or elementary reactions involved, but these may be dictated by the
memory space available on specific computers.

Define steady
state reactions

Rapid equilibrium
reactions?

Define blocks
XY, ..

Steady state
reactions?

RESULTS

Solution of the eight-state model of cotransport
(Fig. 1 A)

For the purpose of the present studies, zero-trans initial rates
of transport only will be considered, because such velocity
equations have been used by Parent et al. (1992b) to analyze
their experimental data. Relative to glucosg) (and Na

(VM3 transport, their generic forms resulting from computer
calculation are shown in Egs. 22 and 23:

Corrections?

Summary tahle

Save model
configuration

Rate or
binding equation?

Compute and display

Compute and displa
binding equatlon » o

rate equation

AV - — v a(Na,)X(S,)
N~ by + by(Nay + b(Na,? (22)
ity +[Co + €u(Nay) + co(Nay)J(Sy)
v [an + a(S)1(Nay,) + [as + au(Sy)](Nay)? 23)

Ny~ by + co(Sy) + [y + ¢4(Sy)1(Nay)
+ [b, + CZ(SO)](NBO)Z

respectively, with constant and substrate coefficient terms
(macro constants) as listed in Table 1. Although presented
differently to emphasize the fact that S (Eq. 22) of'NE&(.

23) can be taken as the variable substrate, the denominator
expressions of Eqs. 22—-23 are, in fact, identical, as condi-
tioned by the conservation Eq. 9. However, their numerator
FIGURE 3 Flowchart of the computer program developed in the presenEXpressions are quite different and reflect the fact that
studies glucose and N4 are released through alternative pathways
on thetransside. Note, then, that the use of Eq. 22 assumes
that glucose transport is measured by a radio tracer tech-

ni whereas Eq. 23 m I itRéda*™ ke or
from the summary table presented at the end of the input session. The latt que, ereas Eq. 23 may apply to eit ata uptake o

r .
can be used further as a guide to performing necessary corrections in tff@e Na" current flowing through the Na and g.lucos_e
current model or to introduce modifications in a preedited model file. Notetransport pathways. It follows from these considerations
that the program self-establishes, for any particular model, its characteristithat the measure of thé'¥v; ratio (Lee et al., 1994) may
matrix Eq. 10 and, if required by the model, the algebraic expression of thenot be the best method for determining the coupling stoi-
dissociation constants involved in the rapid equilibrium reactions accordchiometry of cotransport, because noninteger numbers are
Ing to their definitions, as in Eqs. 13 and 14. . _generally expected from this approach. Indeed, it can easily

The program output may then provide the user with the algebralcb ified f bl h i ichi
expressions of (see Appendix) 1) the fractional concentration faétors e verified from Table 1 that a_true coupling stoichiometry
calculated according to their definitions, as in Egs. 17-20, if any; 2) theOf 2.0 may only be observed in the total absence of Na
velocity or binding equation relative to the release of a particular producleak pathways (i.e., whekyg = k7 = k;, = kg3 = 0), in
or fixation to the transporter of any molecule included in the basic modelwhich casen, = a, = a; = 0 anda, = 2a,. Note, however,
(substrate, inhibitor, etc.); and 3) the steady-state distribution equationfhgt the introduction of the latter modifications into the
relevant to all carrier species involved in a particular model. Note that thaDaSiC model does not affect the general form of the denom-

velocity/binding equation is displayed in one run under its generic form,, . f . f th
which is the most useful one for experimental applications, and that thénator expression of Egs. 22-23, i.e., none of the constant

algebraic expressions of the constant and substrate coefficient terms can 8 Substrate coefficient terms can be eliminated by this
listed upon request. assumption.

Modify
current model?
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TABLE 1 Derivation of the general eight-state mechanism of cotransport

Macro
constants Algebraic expressions

3y Ky KoKaKagks ke (Kra + K7g)(Ksa + Kgd)

a1 k12k23k38(k54k65 + k54k67 + k56k67)(k43k74 + k43k78 + k47k78)k81

Ch Ky Ko aKagKasKs e Kzake 1

ag Ky Koka Ko KsaKes + Ksaker + KseKsr)kze(ZKgr + Kga)

a4 k12k23k34k45k56k67k78(2k81 + k83)

b, (K2 + Ko)(KsaKes + KsaKs7 + KseKr)(KagKza + Kaakzg + KazKza)(KaKer + Kagher + KaKea)

b, (KsgKes + KsaKs7 + KseKor)(KiKodaghaghza + KioKosKagkaskyg + KioKogKsgKarkrg + KioKogKagksaKsr + Kogkaghadhyaker + KioKogkaskyghe: +
k23k38k43k78k81 + k12k23k47k78k81 + k12k34k47k78k81 + k21k34k47k78k81 + k23k38k47k78k81 + k12k23k43k74k83 + k12k23k43k78k83 +
k12k23k47k78k83)

b, KodKaa(KsaKes + Ksaker T Kseksr)(KiKarkzg + KioKarKgr + KigKyiKgy + Kikzgker + Karkzgker + KiKazKss + KikyKes + Kiokzgkea)

CO (k12 + k21)k45k56k67k78(k32k81 + k38k81 + k32k83)

Cl k45k56k67k78(k12k23k38 + k12k23k81 + k12k34k81 + k21k34k81 + k23k38k81 + k12k23k83)

C KodKaaKas(Ke KseKsrKrg + KiKseKerKer + KioKsekyaker + KioKssKraKgr + KiKerKzaKar + KiKsekzaker + KioKeskzgher + KioKszKrgksy +

k56k67k78k81+ k12k56k67k83 + k12k56k74k83 + k12k65k74k83 + k12k67k74k83 + k12k56k78k83 + k12k65k78k83 + k12k67k78k83)

The macro constants shown correspond to the constant and substrate coefficient terms appearing in Egs. 22 and 23 given in the text, which characteri:
the velocity equations derived for the kinetic mechanism of cotransport depicted in Kig. 1

Solution of the six-state model of Parent et al. dicted by the two models shown in Fig.A,andB, respec-
(1992b) (Fig. 1 B) tively. Moreover, whereas the numerator expressiorrds
similar in form for the two models, that for'® also lacks

In our studies, the numbering of threcarrier species was the (Na) and (Na)(S.) coefficient terms when derived for

chosen in such a way thal, andN, always represent the the six-state model. Because the macro consianésda,

unioaded forms of the transporter i_nde_pendently O.f fthe in the numerator of Eq. 23 account for a Nkeak pathway
value. Moreover, the notation used in FigBlemphasizes hrough the one Naloaded carrier complex in the eight-
the similarities and the differences between the six- ancitate model (N to N, transitions in Fig. 1A), it can be

. . el . . 8 . y
eight-state models. The initial velocity equations were thus,, ey ged that an implicit hypothesis of the six-state model
recalculated to fit this new formalism as compared to the

original work of Parent et al. (1992b): their generic forms of Parent et al. (1992b) is that such a leak does not exist.
are given by : ’ Indeed, settind;gs = kgz = 0 cancels out the (Ng and

(Na,)(S,) coefficient terms in the numerator of Eqg. 23 and
Ve aor(Nay)A(S,) emphasizes the 2 factor in the algebraic expressions of the
N 24)  macro constanta; anda, (Table 1).

N + bye(N&,)? + [Cop + Coe(Nay)? ( s anda,

- Bon + belN&)™ + [Cop + NN (S:) Note that the macro constanése and a,p in Eq. 25
Ve [agp + a4p(Sy)I(Nay)? characterize the Nafluxes through the leak and cotransport
= 25) thways, respectively. It is readily apparent, then, that
Nr b+ + [byp + Na? pathways, resp Y- y apparent, '

T Bop t Cor(S)) + [bee + S J(Na) these two fluxes will be equal, provided that Eq. 26 is
for glucose and N4 transport, respectively. The algebraic satisfied:
expressions of the different macro constants are listed in
Table 2 and can be compared directly to their counterparts (S) = ap Ka7(KsaKgs + ksaKs7 + KsgKs7) (26)
lacking thePllnd|ces in Table 1. . Tap Kk ks

A comparison of Eqgs. 22-23 with Egs. 24-25 clearly

indicates that the absence of (Nland (Na)(S,) coefficient =~ The algebraic expression on the right side of Eq. 26 is
terms in the denominator expressions of the latter is a majogquivalent, when accounting for the differences in nota-
difference between the characteristic velocity equations pretions, to that previously derived through a different ap-

TABLE 2 Derivation of the six-state model of cotransport (Parent et al., 1992b)

Macro constants Algebraic expressions
aOP k12k24k45k56k67(k71 + k74)
3p 2Ky Ko sKaAKsakos + Ksake7 + KseKer)kza
p 2Kq Ko 4KasKs Ko7k 1
bop (kiz + Kop)(Ksakes + Ksakez + Ksekez)(Kagkzy + Kazkzy + Kizkza)
b2p Koa(Ksakes + Keakor + Ksekor)(KioKaz + KioKzy + KarKzy + KiKz,)
Cop (k1o + Kao)KagkseKorkz1
CQP k24k45(k12k56k67 + k12k56k71 + k12k65k71 + k12k67k71 + k56k67k7l + k12k56k74 + k12k65k74 + k12k67k74

The macro constants shown correspond to the constant and substrate coefficient terms appearing in Eqgs. 24 and 25 given in the text, which characteri:
the velocity equations derived for the kinetic mechanism of cotransport depicted in Big. 1
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proach by Chen et al. (1995) for the kinetic constkpt  measure the charges associated with ion fluxes. This fact
which was defined as the extracellular sugar concentratiohas been correctly appreciated in similar studies by Chen et
giving equal Nd currents through the inward Ndeak and  al. (1995), in which the steady-state current was defined as
the coupled Na-sugar influx.

The steady-state current flowing through the carrier under I = nF(kaaNz — kNy) (31)
zero-trans conditiond) can be determined from Eq. 25 and 5qanted from the original publication to fit the notations

is given by Eq. 27: shown in Fig. 1B), wheren accounts for the 2:1 stoichi-

[o + e(S)](Nay)? ometry of SGLT1. Still, a word of caution should be given
at BS) + [x + (S)]Na)? (27)  regarding the definition of the steady-state velocity equation

relative to the free carrier recycling steN,(to N, transi-

in which F is the Faraday constant, and the right side of thetions) as in Egs. 30 and 31, rather than to the Na-releasing
last equality corresponds to the expression previously destep as in Eq. 29. Indeed, applying the former concept to the
rived by Parent et al. (1992b). Taking into account theeight-state model (Fig. A) failed to give the correct steady-
differences in formalism, it was verified that the algebraicstate equation in the presence of an extra Mk pathway
expressions of the macro constants relative ‘ftas defined  represented by thi; to Ny transitions.
by Egs. 25 and 27 satisfy the equalities shown in Eq. 28:

I = FNTViNa = 2FNT

agp = 2\, ap=2\€; bpp= Aa; Cop=AB; First attempts to reduce the general eight-state
v e model of cotransport to the six-states model of
= AX; Cp= Parent et al. (1992b)

Still, it should be noted that the 2 factor showing up in theOur first attempts to justify a reduction of the general

complgte form Qf.I.Eq. 25 (S?e Table 1) results from Oureight-state model of cotransport (Fig.A) to the six-state
definition of the initial rate, given by model shown in Fig. B aimed at testing the two hypotheses
v = 2k;.N, (29) proposed by Parent et al. (1992b). The first hypothesis,
which assumed that there are two equivalent binding sites
which accounts for the inside release of two'Nans. In  for Na* ions on the carrier protein, can easily be introduced
contrast, it clearly appears that the concept that led Parent gto the model of Fig. 1A by settingkos = Kay, Kuz = Kao,
al. (1992b) to the correct Eq. 27 is ill defined, because, a@ndk,g = kg, (note that we also assumed thaj = kgz =
shown by 0 as implicit in the model of Parent et al. (1992b); see
_ _ above). It can easily be verified from Table 1 that these
= ~ZF e, ~ ko (30) equalities did not allow us to cancel any of the (Nand
(adapted from the original publication to fit the notations (Na,)(S,) coefficient terms in the denominator of Egs. 22—
shown in Fig. 1B), the 2 coefficient results from the 23. This result is not unexpected, however, when consider-
assumption that the valence of the ion-binding site on théng the rule stating that consecutive steps are not additive
empty carrier £;) is equal to—2 (Parent et al., 1992b). (Volkenstein and Goldstein, 1966). The second hypothesis,
Indeed, because the definition of the steady state assumesich assumed that binding of the first Ndon to the
that there is no net flow of carrier forms from one side of thecarrier is in rapid equilibrium and that binding of the second
membrane to the other, a corollary implication is that thereNa" ion to the carrier is rate limiting, can be introduced into
should be no net flow through the membrane of thosedhe model of Fig. 1A as shown in Fig. 2. The computer
charges that might be involved at the level of the differentanalysis of this model (see Appendix) led to}& equation
carrier species. Accordingly, steady-state currents can onlgimilar in form to Eq. 23. with macro constants as listed in

TABLE 3 Derivation of a simplified eight-state mechanism of cotransport

Macro constants Algebraic expressions
a, 0
a, 0
a3 2k12k34k47(k54k65 + k54k67 + k56k67)k78
a, 2Ky K3 4Ka5KsKa7Kzg
by Kaa(Kiz + Kap)(KsaKes + KoKz T Kseke)(Kagkza + Kugkzg + Kazkze)
b1 k12(k54k65 + k54k67 + k56k67)(k43k74 + k43k78 + k47k78)
b2 k34(k54k65 + k54k67 + k56k67)(k12k47 + k12k74 + k12k78 + k47k78)
Co Kog(Kiz + Ko)KasKseKs7kzg
Cy K1 KssKseks Kz
(\’2 k34k45(k12k56k67 + k12k56k74 + k12k65k74 + I(12k67k74 + k12k56k78 + k12k65k78 + k12k67k78 + k56k67k78)

The macro constants shown correspond to the constant and substrate coefficient terms appearing in Eq. 23 given in the text, which charadtmiizes the ve
equation derived for the kinetic mechanism of cotransport depicted in FAg. 2
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Table 3 (note thah, = a, = 0, because of the additional state model of cotransport (Fig.A) to the six-state model
constraint thakss = kg3 = 0 in these calculations). Accord- shown in Fig. 1B. It can be observed, however, that Eq. 25
ingly, the two hypotheses proposed by Parent et al. (1992li§ equivalent to the Hill equation,
must be rejected.

Our further attempts to reduce the eight-state model of e — ViaxdNg,)™
cotransport involved the analysis of models lacking the (KN + (Ng,)™
N5-Ng transition in Fig. 1A and differing in the number and
position of the rapid equilibrium steps that can be intro-in which the parameteig, 2, -andK}2 would represent the
duced into the transport cycle. Their characteristic velocityapparen¥,,,, andK,, of Na* transport estimated at a fixed
equations were established using our computer progranconcentration of glucose (their algebraic expressions can be
and the results showed thgt® was similar in form to Eq.  easily determined from Eq. 25 after dividing both its nu-
23 (witha, = a, = 0), with a number of modifications in merator and denominator by the coefficient of the JRa
some of the substrate coefficient terms in the denominatoterm in the denominator) and the Hill numbayg = 2. In
as listed in Table 4. Note that 1) it does not matter to theagreement with this view and, thus, attesting at the experi-
general form of Eq. 23 whether S binds to the carrier in amental level to the validity of Eq. 32, Parent et al. (1992a)
steady-state or rapid equilibrium reaction, a conclusion thateportedn,, values of 1.9-2.1 for N& activation of the
was verified to apply to the model of Parent et al. (1992b),steady-state currents through SGLT1. One may then ques-
so that Egs. 23 and 25 do not represent a unique solution tiion the conditions under which Eq. 23 (with = a, = 0,
the full steady-state models shown in Fig.A.and 1B, see justifications above) could be approximated by Eq. 32.
respectively; 2) all models in whioty, = 0, including those To answer this question and to allow easier comparison
leading to the disappearance of the (N8, coefficient of Egs. 32 and 23, it is most convenient to analyze the latter
term c, in the denominator of Eqg. 23, must be rejectedunder its equivalent form:
because the rate law characterizing the model of Parent et al.

(1992b) contains a finiteyp constant (see Eq. 25); and 3) in W — Vinax(Nay)?

no case was it possible to cancel out both of the macro P KNaKNe + KNa(Ng,) + (Nay)?
constantsb, and ¢, defining, respectively, the (Ngand

(Nay)(S,) coefficient terms in the denominator of Eq. 23. which is composed entirely of kinetic constants, defined as
The latter point is not unexpected, because the macro con-

stantb, expresses the fact that one of the two"Nans must e — 3+ (S, N 34
precede further Naand glucose binding to the transporter, M, + C)(Sy) (34)

as clearly indicated in Table 4 from the analysis of the

simplified model, in which all reactants add to the trans- va Dot Co(S)

(32)

(33)

porter under rapid equilibrium conditions. Km1 = b, + Ci(S,) (35)
Conditions of application of the model of KNa = by + €y(S) (36)
Parent et al. (1992b) b, + c(Sy)

The above studies demonstrate that there is no kinetic basl¢ote that Egs. 35 and 36 would characterize the apparent

so far that could justify the reduction of the general eight-affinities of Na" binding to the first and second carrier sites,
respectively. Because the denominator of Eq. 33 can be
factorized under the two forms shown in Eq. 37,

TABLE 4 Attempts to reduce the general eight-state

N N .
mechanism of cotransport using the rapid equilibrium ng[Kmi + (Nao)] + (Nao)zy
assumption (37)
Na
Rapid equilibrium segments Effect on denominator expressions KNagNa m2 + 2
N N N 1" ¥m2 (Nao) 1 (Nao)
2 — N3 one
N; — N =0 L :
N, — N, N it will degenerate to the denominator form of Eq. 32 when
N, — N, C=0¢ =0 KNa << (Na,) << K3, Accordingly, the model of Parent et
N, — Nz andN, — Ng None al. (1992b) may approximate the general eight-state mech-
N = Ns Co =0 anism of cotransport over a restricted range of tancen-
N, — Nj C=¢6=0

trations, provided that the apparent affinity for binding of
The rapid equilibrium segments shown have been introduced into thghe second N&ion is much higher than that of the first.

kinetic mechanism of cotransport depicted in FigA.IThe effect of these Alternatively it is possible to estimate the apparept
modifications from the basic model was tested by computer derivation of ’

the initial velocity equations characterizing each of the simplified schemesvalue that one may expect from a Hill plot analysis of Eq.

and subsequent comparison of their denominator expressions with those 813- Becaus@y, is given in this approach by the slope of the
Egs. 22 and 23 given in the text. Ln[V/(Vmax — V)] versus Ln(S) plot at = V,,,/2 (Segel,
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1975), its value can be evaluated from reactions for Na binding in a random mechanism, our
e computer calculations showed that the resulting velocity
dLn i equation contains (NJ coefficient terms that do not exist
Viax — Vi@ in Egs. 23 and 25. There is, thus, a rational basis for
"= dLn (Na,) (38) assuming that the random addition of the two Nans

(Nexhos should occur within a rapid equilibrium segment of the

which simply translates this fact into mathematical termstransport cycle. Last, because the concept of a purely kinetic
Equation 38 can be transformed to its equivalent form, nature of positive cooperativity would appear to be incom-
W e patible with the rapid equilibrium assumption above (Segel,
_ [ Vma(Na) dv 1975) and with the observation that equilibrium binding
Ny PN B (39) O - . X
M(Viax — Vi) d (Nay) curves of the nontransported inhibitor phlorizin are sigmoi-
) ) ) ~ dalrelative to Na concentrations (Restrepo and Kimmich,
after using the mathematical rules governing the derivation ggg: Moran et al., 1988), we assume in the following that
of logarithmic functions. When applied to Eq. 33, formal the Na sites are interactive, i.e., the first occupancy of one
development of the terms in brackets in Eq. 39 and furthepf the two sites modifies the apparent affinity for Na

(Nao)os

rearrangements lead to binding to the unoccupied site.
2KNa + (Na) KNa According to these considerations, the binding sequence
My = et e I R (40)  of the two N ions can be depicted as shown in Figh4
Kini + (Nao)os Kt + (N&pos and corresponds to a blogkn the transport cycle, verifying
from which it is readily apparent that< n,, < 2 andn,, =  Ed- 42
2, provided that (N9, s << K. The (Na), 5 expression 2Na) (Nay?
can be found by solving Eq. 33 for (Ngfter setting|'? = X =N, 1+ % ag (42)
VN2 /2, and the result is given by Kia aKia
KNa + (K2, + 4KNagNa)1/2 in which Ky, the intrinsic dissociation constant for binding
(Nag)os = 5 (41)  of the first Na" ion, is modified by a factos accounting for

the increased affinity of N& binding to the second site
so thatn, = 2, provided that RN3 << KNa. Accordingly, (« < 1 for positive cooperativity). The fractional concen-
then, the model of Parent et al. (1992b) may also approxitrations of theN; carrier forms within the block can thus
mate the general eight-state mechanism of cotransport in tHee expressed by
case of very strong positive cooperativity for Nainding

to the transporter. ¢ = N, akfa 43)
2 X aKi,+ 20K (Nay) + (Na,)?
High positive cooperativity for Na* binding as a NG+ N 20Ky, (Nay)
likely physical basis of the kinetic features of the fs= =— ’ 5 (44)
six-state model of Parent et al. (1992b) X Ko+ 20Ky(Nay) + (Na)
It should be acknowledged that the concept of positive N, (Nay)?
cooperativity for Na binding was coined by Parent et al. 47X ak?, + 2aKyi(Nay) + (Nay)? (45)

(1992b) in their original paper. However, it was neither

demonstrated as such nor discussed further by these authofisom which it can be concluded thdéf << f, and f,, if
Indeed, its formal development into a realistic kinetic 2aKy, << (Na,) << K\ /2. Thusf; ~ 0 whena << %4, and
scheme may have to address first a number of issues th#tis situation is equivalent to the simultaneous addition of
have been overlooked so far, in part to keep the analysis dfvo Na" ions with an apparent dissociation constant of
the general eight-state mechanism of cotransport as simptek?,.. Note that, under these conditions, the low concentra-
as possible, but also because most of these questions are tioh of theN; carrier species would also justify the approx-
readily apparent from the model of Parent et al. (1992b)imation thatksg = 0, as implicitly assumed by Parent et al.
First, with a transporter known to possess two'Ninding  (1992b) (see above). Still, as shown in Table 4, a general
sites, it is very unlikely to have a purely ordered mechanisneight-state mechanism of cotransport in which the twd Na
of Na* binding unless there is extensive asymmetry in thebinding steps occur under rapid equilibrium conditions can-
configuration of the two sites. The demonstration by Lev-not pretend to mimic the behavior of the model of Parent et
itzki (1978) that the latter situation is able to account foral. (1992b). Nonetheless, if we further assume the existence
noncooperativity and negative cooperativity, but never forof a slow isomerization step between the Nand glucose
positive cooperativity, would suggest that a random addibinding sequences, as depicted in Fi@,4he characteristic
tion of the two Nd& ions represents the most relevant velocity equation calculated by our computer program is
mechanism to be considered in the case of Neglucose similar in form to Eq. 25, with algebraic expressions of the
cotransport. Second, given the assumption of steady-stateacro constants as given in Table 5.
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FIGURE 4 Positive cooperativity in Nabinding to the cotransport
protein. @) It is assumed that the conformations of the two*Ngites
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DISCUSSION

A new versatile computer program aimed at
resolving complex kinetic models

A very natural approach to the understanding of complex
reaction mechanisms is through kinetic analysis. Still,
steady-state kinetics can only be used efficiently to elimi-
nate those mechanisms that failed to confirm model predic-
tions at the experimental level and, conversely, to develop
kinetic models from experimental data. It is thus necessary
that a sufficiently general set of reaction mechanisms be
considered if maximum benefit is to be gained from this
kinetic approach. Yet, in the case of multisubstrate systems
like complex cotransport mechanisms, the value of a sys-
tematic analysis is restricted by the intricacies of the alge-
braic manipulations involved in the derivation of their
steady-state velocity equations. This difficulty in no way
invalidates the possibility that such mechanisms do exist,
and the availability of fully automatic techniques should
prove invaluable to their analysis.

Cornish-Bowden (1977) has given a useful review of the
many computer programs designed to derive enzyme kinetic
rate equations, but none of these appear as simple to use, nor
is any as versatile as the one proposed in the present studies.
First, our program expands determinants in a systematic
manner and, hence, avoids the complications linked to the
determination of valid King-Altman patterns. Second, our
approach introduces a very simple format of data presenta-
tion for rapid equilibrium, steady-state, or combined steady-
state plus rapid equilibrium mechanisms with its automatic
processing to form the determinant needed for solving the
steady-state concentrations of the various carrier species
involved. Accordingly, the use of the program does not
require a detailed understanding of the mathematics in-
volved in the calculations, and limits to a minimum the
possibility of human errors associated with an extensive
preparation of the data before their presentation to the
computer. Note that the program 1) also handles irreversible

present on the free carrier facing toward the outside medium are equivale®@€PS in a mechanism and, hence, that it can be used from

(the free carrier is symmetrical), so that binding of the first"Nan may
occur at either site with similar affinity (dissociation const&qt). It is
also assumed that the first Naon to bind induces a conformational
change that results in increased affinity of Nlinding to the second site
(dissociation constantK ., wherea << 1 for high positive cooperativity).
(B) Proposed eight-state model of Na-glucose cotransport that includes
the concept of high positive cooperativity developedirNote that a slow
isomerization step has been included between theadsa glucose-binding
sequences for reasons discussed in the tExtEQuivalent six-state model
of the mechanism shown iB after reduction according to Cha’s rules
(Cha, 1968). N and N, represent the summation of those carrier species

the start to derive velocity equations under zero-trans con-
ditions, and 2) may be used to handle pre-steady-state
kinetic studies according to the formalism developed by
Wierzbicki et al. (1990), in which a number of carrier-state
distributions need to be calculated at specified times. Third,
the program output gives an easy-to-read form of the ve-
locity or binding equations and, upon request, of the nu-
merator expressions characterizing the carrier-state distribu-
tion equations. Finally, note that the current version of the

that are linked through a rapid equilibrium sequence in the transport cycleProgram has been intensively tested and that it proved success-
In both A and B, the numbering of the carrier species is similar to that ful at calculating the velocity equations characterizing the
shown in Fig. 1. InC, however, itis similar to that proposed originally by - most typical enzyme mechanisms analyzed by Segel (1975).

Parent et al. (1992b), to underscore the similarity of the two mod&ls (

corresponds to their definition in the original publication by these authors,

whereas is equivalent to those shown B). Further details are given in

the text.

Application to the modelization of
Na*-p-glucose cotransport

In recent publications aimed at characterizing both the
steady-state and pre-steady-state kinetics of SGLT1, it was
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TABLE 5 Derivation of the allosteric eight-state mechanism of cotransport

Macro

constants Algebraic expressions
a, 0
a, 0
a3 2k12k45k58(k65k76 + k65k78 + k67k78)k89
y 2Ky 2K4sKs 6K 7K7eKa0
bo Kaa(kiz + Ko1)(Keskze + Kookzg + Ko7kza) (KsaKes + KsaKgg + Ksgkgo)
b, 0
b, (Keskze + Koskyg + Ke7kzg)(KiKasKsg + KioKasKes + KiKsaKes + KioKacKgg + KiKsaKgo + KiKsgheg + Kagkseksao)
Co Kaa(Kiz + Ka1)KseKs7KzeKao
c, 0
C Kse(KiKagKerKrg + KioKacKerKes + KioKaskzekes + KiKaskygRes + KiKasKergg 1 KiKagkveKao + Kidkackygkag + KioKsrkzakeg + KasKerkzgked)

The macro constants shown correspond to the constant and substrate coefficient terms appearing in Eq. 23 given in the text, which charadtmiiyes the ve
equation derived for the kinetic mechanism of cotransport depicted in F&g. 4

concluded that a six-state mechanism of cotransport couldn equivalent form of the characteristic velocity equation.
adequately describe the electrical properties of this transAccording to point 3) above, an equivalent four-state model
porter in cRNA-injected oocytes (Parent et al., 1992a,b; Loanight thus prove sufficient to fully describe the proposed
et al., 1993; Hazama et al., 1997). It was originally statednechanism.
that the proposed model would be equivalent to its more Because our studies suggest a kinetic basis that would
complete eight-state counterpart when assuming either idefjustify the use of the six-state model of Parent et al. (1992b),
tical Na" binding sites or fast binding of the first Neion  which proved otherwise consistent with an impressive body
as compared to the second (Parent et al., 1992b). In thef data to be found in the literature (Wright, 1993), it can be
absence of a formal demonstration regarding the validity oprovisionally assumed that the eight-state mechanism
these claims, we first tried to evaluate their relevance to thehown in Fig. 4B provides a coherent description of the
proposed mechanisms, and it is demonstrated in the presekihetics of Na -p-glucose cotransport at the experimental
studies that neither of the two assumptions made by Pareigvel. A corollary implication, then, is that the model of
et al. (1992b) can, in fact, justify the suggested modelParent et al. (1992b) may contain two pseudo rate constants
reduction. It is further shown that the six-state model ofunder zeraransconditions. As indicated in Egs. 46 and 47,
cotransport 1) makes the implicit assumption that thé -Na
loaded carrier complex does not contribute in any way to the (Na,)?
Na' leak pathway; 2) cannot be justified from the consid- 1o = k45m (46)
eration alone that some steps in the transport cycle may Na
occur at rates faster than those of others (Table 4); 3) does 5
not provide a unique solution to the steady-state velocity *o = Koy @Kia
equation derived by Parent et al. (1992b), because a number aKf, + (N&,)?
of rapid equilibrium segments could be introduced into the
original model without modifying the generic form of the the algebraic reexpressions of the microscopic rate con-
rate law, 4) ignores the fact that a random rather than atantsk?, and kig originally defined in this model would
ordered Nd addition to the transporter is the more logical demonstrate, in its equivalent version proposed in the
sequence to consider when two binding sites are involvegiresent studies (Fig. €), a clear dependence on Na
and positive cooperativity is assumed, and 5) can be justieoncentrations. Moreover, because the two rate constants
fied only by considering a restricted range of Neoncen-  above characterize putative membrane potential-dependent
trations or by assuming that there is strong positive coopsteps, the conclusions drawn by Parent et al. (1992b) about
erativity for Na" binding to the transport protein. the fractional dielectric distance over which the carrier ion
These considerations led us to propose an eight-statginding site moves on one hand, and the fraction of the
mechanism of cotransport that appears to be fully equivalertnembrane potential field between Néons and the Na
to the six-state model of Parent et al. (1992b) (Fig. 4) andinding sites on the other hand, may need to be reevaluated.
presents the following characteristic features: 1) randomn any case, a unique set of numerical values should not be
binding of the two N& ions within a rapid equilibrium assumed under different experimental conditions, and, in
segment in which strong positive cooperativity due to site-agreement with this view, it can be noted that the model of
site interactions results in the apparent addition of the twdParent et al. (1992b) failed to perfectly describe their ex-
molecules in a discrete reaction; 2) a slow isomerizatiorperimental data gathered at both 10 and 100 mM Nand
step separating the Naand glucose binding sequences; andfailed to give a quantitative description of some of the
3) either steady-state or rapid equilibrium addition of glu-experimental data published in later studies from this group
cose to the transporter, because these two possibilities gayeoo et al., 1993; Hazama et al., 1997).

(47)
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Further comments on positive cooperativity and model of Koshland et al. (1966) would provide both a
slow isomerization of a Na*-loaded structural and a physical basis for the hypothesis of strong
carrier complex positive cooperativity introduced in the present studies on

A tint tati f the kinetic feat h teri different grounds. According to this theory (Koshland et al.,
correct Interpretation of fhe kinetic fealures charac erIZ'1966), the free carrier would be a symmetrical dimer (with

ing the eight-state mechanism of cotransport proposed in thgubunit conformation A, circle), Nabinding to either one

present studies may have to await further characterization o(;f the two subunits would induce a conformational change
the transporter at the structural level. Still, over the last lE(square conformation B), and binding of a second fin
years, a number of inactivation radiation (Turer and KeMD35 the other subunit would reestablish a symmetrical dimer

ner, 1982; Takahashi et al., 1985;IBeau et al., 1988, configuration. High positive cooperativity for Nabinding

Stevens et al., 1990) and kinetic (Blank et al., 1989; KO'Would thus result from the consideration that interaction

epsell et al., 1990; Chenu and Berteloot, 1993; Gerardibetween an A ah a B subunit is far less favorable than

Laffin et al., 1993; Koepsell and Spangenberg, 1994) StUd,l'nteraction between two A and two B subunits, in which

ies have suggested that SGLT1 may function as a pOIVmengaseKiB/KBB — « < 1 (note that the interaction factor

protein composed of at least two similar subunits. Th as the same meaning as in Eq. 42, #ngd andKgg are
eight-state mechanism of cotransport proposed in FigisA defined in the legend to Fig. 5, with \}alues relati\B/SQg)
fully compatible with this concept and with the dimeric taken as unity) ’ A

scheme of cotransport reported earlier by our group (Chenu The proposal of a slow isomerization step separating the

and Berteloot, 1,993)' Indeed, as shown n Fig. 5, its fm”,‘""Na* and S binding sequences is compatible with previous
development within the framework of a simple sequen'ualdata of Peerce and Wright (1984), showing that Nend-
ing to the glucose symporter induced a conformation change
in the transporter which increases its affinity for glucose.
The significance of the isomerization step is more difficult
@ to grasp in the context of a monomeric or an oligomeric
structure of SGLT1 and requires additional information or
hypotheses to be fully evaluated. Nonetheless, as depicted
in Fig. 4B, this step can be viewed as an essential feature of
the transport mechanism itself, in which a conformational
change would lead to partial or complete occlusion of the
Na Q Na O Na two Na' ions within a channel-like structure (and, hence, to
Na" transport in the absence of glucose that would account
for the Na" leak pathway) with concomitant exposure of the
glucose binding site and/or opening of a glucose channel
that would finally result in N& and glucose cotransport in
the presence of the latter substrate. This most general view
would fit nicely within the dynamic concept of cotransport
proposed in the so-called rail hypothesis, in which"Nad
glucose transport follows interacting routes (Semenza et al.,
1985), possibly through two interacting channels (Ugolev
and Metel'skii, 1990). A putative dimeric structure of
SGLT1 would further raise the question of whether these
two transport routes/channels are formed by the association
of two subunits or are constitutive structures of each sub-
unit. Note that either one of these two possibilities could be
FIGURE 5 Proposed dimeric model of Na-glucose cotransport. It is Compatlblg V\_”th the previous evujence O_f one'Nand one
assumed that the free carrier is a symmetrical dimer (with subunit confordlUcose binding site per polypeptide chain of the transporter
mation A, circle) onto which N&a binding to either one of the two subunits  (Peerce and Wright, 1985, 1986), in which case one may
induces a conformational change (square conformation B). Binding of ealso suspect the binding of more than one glucose molecule
second Na ion to the other subunit then reestablishesasymmetricaldimerafter Na activation of glucose transport, as discussed in

configuration Ky, is the intrinsic affinity constant of Nabinding to the B detail i . tudies f ch d
conformation;K,g is an equilibrium constant characterizing the isomer- more detail In previous studies from our group ( enu an

ization from the A to B configurations; anb,., Kas, and Kgs are  Berteloot, 1993).

equilibrium constants that account for subunit interactions under the A-A, A multisubstrate, single-file model for ion-coupled trans-
A-B, and B-B configurations, respectively. Note that the equilibrium porters has recently been proposed by Su et al. (1996),
constants are defined as association constants in this particular case \Which was found to account quantitatively for a number of
simplify the notations, as is usually done for allosteric kinetics (Segel,kinetic characteristics associated with various cotransport
1975). A slow isomerization step is included after the*Naddition . . P
sequence and is accompanied by a concerted conformational change to tR¥St€éms. Because our results were obtained using the more

hemicircle configuration. Further details are given in the text. classical alternating access mechanism of cotransport
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(Schultz and Curran, 1970; Heinz et al., 1972; Jacquez, Do you want to add a rapid equilibrium reaction to another block (y or
1972; Crane, 1977; Stein, 1981; Turner, 1981, 1983, 1985; M n _ _
Sanders et al., 1984;"Uger and Jauch, 1986), one may Do you want to introduce steady-state reactions (y oryn)?
argue that their significance is restricted to this class of
models. The simplest way to introduce channel-like prop-The steady-state reactions: input data
erties into the model shown in Fig. B would be, as
prewous]y demons',t.rated b.y St.em (1981.') .for a four-stat The reaction:32 Substrate:without Rate constant:k12
mechanism of facilitated diffusion, to eliminate the free- you want to keep this reaction (y or ny?
carrier recycling stepN; to N, transitions) from model Do you want to add another reaction (y or 1)?
consideration. Because this modification from the basic Print the steady-state reactiof2,1,without, k21}
model did not change the generic form of Eq. 25 when the The reaction:2>1 Substr_ate:without Rate constant: k21
rate law was established under zérans conditions, it can Bg you xz:: :g zzzpatr:'('jhzag:;ig] c(” ?:) 2
be concluded that the results of the present studies also Prin); the steady-state reactiof,4,Nao, i34} ’
encompass those expected from pure channel-like kinetics. The reaction:3>4 Substrate:Nao Rate constant:k34
Moreover, as acknowledged by Su et al. (1996), the multi- Do you want to keep this reaction (y or ny?
substrate single-file channel is unable, in its present form, to Do you want to add another reaction (y or ))?
deal with the phenomena of exchange and counterflow, both Print the steady-state reactio: 3without, ka3} -
. . The reaction:4>3 Substrate:without Rate constant:k43

of which have been demonstrated to occur with the glucose you want to keep this reaction (y or ny?
symporter (Kessler et al., 1983; Dorando and Crane, 1984; Do you want to add another reaction (y or 1)?
Semenza et al., 1984). Indeed, as considered previously by do you want to add another reaction (y or m)?
Stein (1981), the presence of transport sites within the
channel that are accessible to glucose from either side of t
membrane would lead to zero inward substrate fluxes unde
infinite trans conditions. This problem could be overcome 1) 1— 2 Substrate:without Rate constant:k12
by assuming the existence of an asymmetrical molecule 2) 2~ 1 Substrate:without Rate constant:k21
made of (at least) two identical and functional subunits in 3) 3~ 4 Substrate:Nao Rate constantk34

. : . .. 4) 4— 3 Substrate:without Rate constant:k43
which concerted interactions between monomers upon site 5) 3— 8 Substrate:without Rate constantk38
occupancy from the inside and/or the outside would deter- g) g 3 Substrate:without Rate constant:k83
mine the extent of substrate fluxes in both directions (Chenu 7) 4— 7 Substrate:without Rate constant:k47
and Berteloot, 1993). Note that similar views have already 8) 7— 4 Substrate:without Rate constantk74
been proposed for the NigH™ (Otsu et al., 1989, 1992) and ) 4~ 5 Substrate:So Rate constantk45

_ _ 10) 5~ 4 Substrate:without Rate constant:k54
Cl /HCO3 (Salhany’ 1992) exchangers. 11) 5~ 6 Substrate:without Rate constant:k56

12) 6— 5 Substrate:without Rate constant:k65
13) 6— 7 Substrate:without Rate constant:k67

éDrint the steady-state reactiofi,2,without, k12}

ummary table

. 14) 7— 6 Substrate:Si Rate constant:k76
APPENDIX: AN EXAMPLE OF 15) 7— 8 Substrate:without Rate constant:k78
COMPUTER-ASSISTED DERIVATION OF 16) 8— 7 Substrate:Nai Rate constant:k87
KINETIC MECHANISMS Do you want to add a steady-state reaction (y orm)?

o . o Do you want to clear a steady-state reaction (y orm)?
The kinetic mechanism of cotransport shown in FigA2s taken as an Block X

example to illustrate the use of the computer program discussed under 1) 253 Substrate:Nao Dissociation constant:K23
Materials and Methods when one wants to determine the velocity equation Block Y
relative to N& transport, which is given by Eq. 21 in the main text. The
following dialogue is transcribed as it appears on the screen of the monitor
when the computer program is run. Note that the bold characters corre-
spond to the answers keyed in by the user and that the input dialogue is
shown for typical reactions only.

Do you want to create a new model (y or n)?

Do you want to create a model with rapid-equilibrium reactions (y or

1) 1 <> 8 substrate: Nai dissociation constant:K18

Do you want to add a rapid-equilibrium reaction (y or m)?
Do you want to clear a rapid-equilibrium reaction (y or m)?
Do you want to modify the model again (y or n)?

Time required to construct the data: 0.16 s

Do you want to save this model (y or ny?

Give it a namefig2a

n).’?y . o . Do you want to start the computation (y or n)?
Give the name block of the rapid equilibrium reactioXs:

Print the rapid equilibrium reactiod2,3,Nao, K23}
Block X: 2 <> 3 Substrate: Nao Dissociation constant: K23

Do you want to keep this reaction (y or ny? Computation in progress. ..

Do you want to add another reaction to the block X (y or n)? Fractional distributions

Do you want to add a rapid equilibrium reaction to another block (y or

n)?y K23
Give the name of the blockY X2: K23 + Nao
Print the rapid equilibrium reactioq1,8,Nai, K18}

Block Y: 1 <> 8 Substrate: Nai Dissociation constant: K18 Nao

Do you want to keep this reaction (y or ny? X3:
Do you want to add another reaction to the block Y (y or n)? " K23+ Nao
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v ke
" K18 + Nai
ve: Nai
" K18 + Nai

Do you want to input a rate or binding equationar b)? v
Define the rate or binding equatio8(k78 n[7] — k87 Nai n[8])
Time required to calculate numerator and denominator: 32.84 s
Time required to simplify numerator and denominator: 3.85 s
The rate equation:

v/IN; = (C7 Naf + C3 Naf Nao+ C8 Nad
+ C5 Nai Nag + C4 Naf Si + C1 Naf Nao Si
+ C6 Nad So+ C2 Nai Nag So)/(C40+ C36 Nai
+ C29 Naf + C37 Nao+ C30 Nai Nao+ C21 Naf Nao
+ C33 Nad + C24 Nai Nad + C14 Naf Nad® + C38 Si
+ C31 Nai Si+ C22 Naf Si + C34 Nao Si
+ C25 Nai Nao Si+ C15 Naf Nao Si+ C27 Nag Si
+ C18 Nai Nad Si + C10 Naf Nad” Si + C39 So
+ C32 Nai So+ C23 Naf So+ C35 Nao So
+ C26 Nai Nao Sot C16 Naf Nao So+ C28 Nag So
+ C19 Nai Nad So+ C11 Naf Nac® So
+ C17 Naf Si So+ C12 Naf Nao Si So
+ C20 Nad Si So+ C13 Nai Nad Si So
+ C9 Naf Na&’ Si So)

Constant number ag (g: quit)? 8
Nad®

2k12 K18 k34 k47k54 k65+ k54 k67 + k56 k67) k78

Constant number or q (q: quit®
Nad® So

2 k12 K18 k34 k45 k56 k67 k78
Constant number or q (g: quit)? g

Do you want to see the distribution equations (y or yn)?
Distribution equations:

n[1]/Nt = (C18+ C15 Nao+ C12 Nag + C16 Si
+ C13 Nao Si+ C17 So+ C14 Nao So
+ C11 Nag So)/d
C1l1= K18 k34 k45 k56 k67 k78
Cl12= K18 k34 k47(k54 k65+ k54 k67+ k56 k67)k78
n[2]/Nt = (C28+ C25 Nai+ C22 Naf + C26 Si
+ C23 Nai Si+ C21 Naf Si + C27 Si+ C24 Nai So)/d

Validity of Reduced Cotransport Models 829

C21= K23 k43 k54 k65 k76 k87
C22= K23 k43(k54 k65+ k54 k67+ k56 k67)k74 k87

Do you want to save this model (y or nj?
Do you want to save this result (y or ny?
Give it a nameeqfig2a
Do you want to pursue the work session with the current model (y or n)?
n
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