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Abstract. No consensus has yet been reached re-
garding the order of substrate addition to the high-
affinity Na*-p-glucose cotransporter (SGLT1). This
problem was addressed by computer-assisted deriva-
tion of the steady-state velocity equations character-
izing the eight-state Na':Na":substrate (NNS) and
Na":substrate:Na" (NSN) mechanisms of cotrans-
port. A notable difference was found in their de-
nominator expressions and used to device a new
strategy aimed at model discrimination in which the
initial rate data are recorded at fixed S and analyzed
relative to the N dependence of transport using a Hill
equation. According to this protocol, the values of
the Hill coefficient (ny;) should be finite at all S (1.0 <
ny <2.0) or decrease down to a limit value of 1.0 at
high S in the case of the NNS and NSN models,
respectively. These key experiments were performed
in rabbit intestinal brush border membrane vesicles
and demonstrated that a Hill equation with ng = 2.0
best describes the steady-state kinetics of Na'-glu-
cose cotransport at all S. We therefore propose a
kinetic mechanism whereby Na" binding should oc-
cur with very strong cooperativity within a rapid
equilibrium segment of the transport cycle and be
followed by a slow isomerization step before glucose
addition.
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Introduction

Secondary active transport is a fundamental biologi-
cal principle [11, 32] best illustrated, over the last 40
years or so, by the high-affinity, Na"-p-glucose co-
transport system (SGLT1) [11, 17, 34, 39, 40]. The
structural basis underlying the specific and efficient
coupling of organic substrates (S) and Na* (N) fluxes
is presently unknown. However, from a kinetic point
of view, this mechanism is made possible through the
formation of an intermediary complex involving N, S,
and a membrane transport protein (7)) [11, 32], hence
the relevance of the question of substrate addition
order to cotransport modeling. As regards SGLT]I,
available evidence indicates essential activation by N
and 2N:1S coupling stoichiometry of cotransport [8,
18, 24, 39]. Accordingly, the so-called NSN and NNS
models represent the only two sequential iso-ordered
ter-ter mechanisms that prove compatible with these
kinetic characteristics. Still, no consensus has yet been
reached in the literature regarding which of these two
models best describes the kinetics of glucose transport
through the SGLT1 system [9, 17, 39], in part due to
the lack of reliable kinetic criteria against which they
can be discriminated.

A major obstacle in this respect appears to be the
forbiddingly tedious algebraic manipulations in-
volved in the derivation of initial velocity equations
when steady-state assumptions are applied to 8-state
mechanisms of cotransport [13]. Previous theoretical
studies were thus performed using the simplifications
introduced by the rapid equilibrium assumption (slow
transfer across the membrane relative to membrane
surface binding steps) [30] or the reduction to a 6-state
model (the binding of the two N ions is described as a
single reaction step) [28]. In both cases, the link be-
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tween the approximate and complete solutions is un-
known and, in the second case, the NNS model is the
only one to lend itself to simplification. Moreover, it
was readily recognized in the original paper published
by Restrepo and Kimmich [30] that their conclusion
to an NSN model is valid only if the rapid equilibrium
assumption holds. Similarly, it was recently shown by
Falk et al. [13] that the reduction of an §-state NNS
mechanism to a 6-state model requires a number of
explicit assumptions that were not given prominence
in the original report of Parent et al. [28].

A different approach was used by Chen et al. [9]
on the rationale that the leak pathways (phlorizin-
sensitive N or H transport in the absence of external
sugar) observed in Xenopus oocytes overexpressing
the SGLT1 protein should demonstrate sigmoid or
hyperbolic kinetics relative to ion concentrations if
conforming to the NNS or NSN mechanisms, re-
spectively. At the experimental level, it was shown
that the N-leak involves a single ion; however, the H-
leak appeared sigmoid rather than hyperbolic [9]. In
addition, similar studies by Quick et al. [29] support
the view that the Hill coefficient for N and H uniport is
>1.2. Such discrepancies might be related to the dif-
ficulty to get reliable baseline values using phlorizin to
inhibit ion transport through the SGLT1 protein be-
cause specific phlorizin binding to the transporter
does not occur in N-free media or at more basic pH
values [26]. In any event, as sound as it might be at the
theoretical level, the N and/or H dependence of the
leak pathway proved to be of low value as a kinetic
criterion aimed at discriminating between the NNS
and NSN mechanisms of cotransport.

Clearly, then, further progress in our search for a
solution to the critical issue of which of the NNS or
NSN models best accounts for transport kinetics
through SGLTI1 requires additional studies at the
theoretical level. A first step in this direction was
taken in the present studies through computer-assist-
ed derivation of the zero-trans velocity equations
characterizing the 8-state NN.S and NSN mechanisms
of cotransport. A notable difference was found in their
denominator expressions and used to devise new
kinetic criteria against which the two models can be
discriminated. These key experiments were performed
in rabbit intestinal brush border membrane vesicles
(BBMV). It is concluded that the order of substrate
addition is N:N:S, in which N binding should occur
with very strong cooperativity within a rapid equi-
librium segment of the transport cycle and be followed
by a slow isomerization step before glucose addition.

Materials and Methods

MATERIALS

Rabbits were purchased from the Maple Lane Farm (Clifford,
Ontario). p-[1-*’H(N)]-glucose (specific activity 10-15 Ci/mmol)
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was supplied by New England Nuclear (NEN), the BCA (bi-
cinchoninic acid) protein assay kit by Pierce, unlabeled p-glucose
by Sigma, ultrapure salts by Aldrich, and amiloride hydrochloride
and scintillation cocktail (Beta-Blend) by ICN Biomedicals. Cel-
lulose nitrate filters (12.5 mm diameter, 0.65 pum pore size) were
obtained from Micro Filtration Systems (MFS). All other chemi-
cals were of the highest purity available.

PrREPARATION OF RABBIT INTESTINAL BBMV

BBMYV were prepared from the jejunum of male, 2.0-2.5 kg New-
Zealand white rabbits as described previously [10, 21]. Briefly, the
P, fractions were frozen in liquid N,, thawed on the day of use, and
resuspended in 50 mm HEPES-Tris buffer (pH 7.0) containing 0.1
mm MgSOy, 300 mm KI, 600 mm KCl, and 3 pum valinomycin to
ensure full equilibration of the cation. BBMV were then prepared
as a P, fraction and resuspended in the same buffer lacking the
ionophore. To ensure stability of the preparations over the course
of the experiments, 50 pL aliquots of BBMV were frozen in liquid
N, until the time of assay. The protein concentration of these
frozen vesicles was 28-35 mg/mL as estimated with the BCA assay
kit using bovine serum albumin as a standard.

TRANSPORT ASSAYS

Glucose transport was determined at 20°C under zero-trans gra-
dient conditions using the fast-sampling, rapid-filtration apparatus
(FSRFA) developed in our laboratory [4]. Briefly, for each assay,
40 puL of BBMV were thawed, prewarmed, and loaded into the
apparatus. Uptake was initiated by injecting the vesicles into 460
pL of the incubation media. Final concentrations in the uptake
assays were: 50 mm HEPES-Tris buffer (pH 7.0), 0.1 mm MgSO,,
0.5 mm amiloride, 4 um tracer p-glucose, and varying concentra-
tions of unlabeled p-glucose (0, 0.02, 0.05, 0.1, 0.2, 0.5, and 1 mm)
and N (0, 15, 30, 45, 60, 80, 100, 150, 200, 400, and 800 mm).
Cation concentrations were kept constant at 900 mm by K™ ad-
dition. The membrane potential was clamped to 0 mV by using a
combination of iodide and chloride salts [3] to get total I and C1~
concentrations of 300 and 600 mm, respectively. Three time course
studies, consisting of a 9-point automatic sequential sampling of
the uptake mixture (50 pL) at 1 s interval, were performed at each
of these concentrations. Samples were injected into 1 mL of ice-
cold stop solution, which consisted of 50 mm HEPES-Tris buffer
(pH 7.0) containing 0.1 mm MgSO,, 1 mm phlorizin, and 900 mm
NaCl. The stopped mixture was filtered and washed three times
with 1 mL of ice-cold stop solution. The substrate content of the
vesicles was then determined by liquid scintillation counting as
described previously [10, 21].

DATA ANALYSIS

The initial rates of glucose transport (v¥) were analyzed relative to
outside N concentrations (N,) using the modified Hill equation

0 Viax (Vo)™

max

T Vo)ysl™ + (Vo)™ M

in which { represents the rate of tracer transport in the absence of
N whereas VY, (No)o.s, and ny stand, at each S concentration, for
the apparent maximum rate of transport, N concentration yielding
half-maximal velocity, and Hill coefficient, respectively. Nonlinear
regression analyzes were performed using GraphPad Prism®
(GraphPad Software, 1999, San Diego, CA), which can compare
the fits of two equations using an F test. Note that the errors
associated with the kinetic parameter values reported in this paper
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represent the standard errors of regression (SER) on these param-
eters. Additional computations involved Mathematica in the deri-
vation of Egs. 6, 7, and 10.

Results

MoDEL DERIVATIONS FROM STEADY-STATE
ASSUMPTIONS

The 8-state sequential iso-ordered ter-ter mechanisms
of Na " -p-glucose cotransport analyzed in the present
studies are depicted in Fig. 1. The two situations
shown in 4 and B differ in the order of substrate
binding to the transport protein, and these correspond
to the NNS and NSN models with leak pathways as
proposed by Parent et al. [28] and Chen et al. [9],
respectively. Note that the assumption of mirror
symmetry with regard to substrate binding introduced
in these schemes does not affect in any way the generic
form of velocity equations characterizing S transport
under the zero-trans gradient conditions of both N
and S used in the present studies. When derived from
steady-state assumptions, v? takes on the form

S aOTt(SO)(NVO)2

T bt co(Sa) & [b1 4 1 (So)l(No) + (b2 + c2(So) | (No)®

(2)

if meant to represent an experiment performed at
fixed outside S (S,) and varying N, concentrations.
In this equation, 7} stands for the total amount of
transport protein, and the constant and substrate
coefficient terms are macroconstants with algebraic
expressions relative to the microscopic rate constants,
as reported in Tables 1 and 2 for the NNS and NSN
models, respectively. From these results, it clearly
appears that Eq. 2 may apply to both models with the
exception that the S, substrate coefficient term ¢,
should be set to zero in the denominator expression
of the NSN mechanism as compared to its NNS
counterpart.

NEew KiNETIC CRITERIA AIMED AT MODEL
DISCRIMINATION

This notable difference in the velocity equations
characterizing the NNS and NSN models of co-
transport laid the foundations of new kinetic criteria
against which they can be discriminated.

An important first observation is that Eq. 2 de-
generates to

_ aT(N,)?
¢o + c1(No) + c2(N, )

S _
Vi = Vmax

3)

at high substrate concentrations, thus showing that
the N dependence of transport under these experi-
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Fig. 1. Eight-state sequential iso-ordered ter-ter mechanisms of
Na " -p-glucose cotransport. The two situations shown in 4 and B
differ in the order of substrate binding to the transport protein (7),
and correspond to the NNS and NSN models with leak pathways
(N transport in the absence of S) as proposed by Parent et al. [28]
and Chen et al. [9], respectively. In both 4 and B, N, and N; stand
for external (QUT) and internal (/N) Na*, whereas S, and S;
represent external and internal glucose, respectively.

mental conditions should follow Hill-type kinetics in
the case of the NNS mechanism but hyperbolic-type
kinetics when ¢y = 0, as occurs for its NSN coun-
terpart. The V5 notation used in Eq. 3 reflects the
fact that its right-hand side expression would also
represent the apparent V. of transport in experi-
ments where the initial rate data are recorded at fixed
N concentrations and analyzed relative to the S de-
pendence of transport. When studying the N depen-
dence of transport, the validity of the test is
constrained by the fact that it ought to be performed
at close to saturating S concentrations. On the other
hand, with regard to v over S plots, it might prove
difficult to get reliable data at low N concentrations.
Accordingly, as justified below, the analysis of the
Hill coefficient over a whole range of S concentra-
tions should constitute a more significant and robust
test of the two models.

Another important observation in this respect is
that if the N, coefficient term in the denominator
expression of Eq. 2 is not small relative to the con-
stant and N,? coefficient terms at all S, then the ve-
locity equation will not reduce to the Hill term
appearing in Eq. 1. Nevertheless, velocity curves can
always be expressed according to the Hill equation, in
which case the Hill plot is a straight line only in the
neighborhood of v} = V& /2 and the calculated ny
value is a fractional number < 2.0, the actual number
of N binding sites [33]. Therefore, if the N dependence
of transport is analyzed according to Eq. 1, the ex-
pected ny value can be estimated from the quantity
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Table 1. Derivation of the 8-state NNS mechanism of cotransport
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Macro constants Algebraic expressions

do k12 kaz kag kas kse key kg1 (kga + ki)

bo k3 kgy (kia + ka1) (ksa kes + ksa ko7 + kse ke7) (kaz kga + Kaz kg + kag kog)

b kg1 (ksa kes + ks ko7 + kse ke7) [k12 ko3 (kaz kra + kaz kg + kag kag) + ksg kag kyg (Kiz + k2]

by ka3 kaq (ksa kes + ksa ke1 + ks ke7) [kio kg (ka7 + kg + kag) + kag kg (kia + kgy)]

Co k3 kas kse key kg ksy (k12 + kap)

) kas kse ko7 kg kgt (ki kas + kia kaa + kay ksa)

C k12 kaz kag kas ks [kse (kg7 + ks + kgg) + (kes + ke7) (k74 + kag)] + Koz kaa kas kse ke7 kig
(k12 + ks1)

The macro constants shown correspond to the constant and substrate coefficient terms appearing in Eq. 2 when applied to the kinetic

mechanism of cotransport depicted in Fig. 1 4.

_ dln[vis/(Vrlrvlax — vls)]

ny (4)
dln(No) (No)os

where

N ao(So) Tt (5)

M by + 02 (So)

represents the apparent maximum rate of transport
observed at saturating N concentrations and

criterion against which the NNS and NSN mecha-
nisms of cotransport can be discriminated, as fol-
lows. In the case of the NNS mechanism (constant,
and N, and N, coefficient terms being present at all
S), finite ny values should be observed over the
whole range of S concentrations (1.0 < nyg < 2.0
and correlation with S reflecting the relative values
of the b; and ¢; coefficients). However, in the case of
the NSN mechanism (¢o = 0 and b, vanishing rel-
ative to the N, and N2 coefficient terms at increas-

i+ e1(So) /101 +¢1(So) +4lBo +co(So)][b2 + e2(S5)]

(No)os= 2[by +¢2(S,)]

is the calculated N, concentration at which
o = VN /2. The formal development of Eq. 4 and

max
subsequent rearrangements lead to

14 bo + co(So)
by + ¢co(So) + [b1 + ¢1(S6)](No)y 5

(7)

nyg =

from which it can be concluded, in conjunction with
the consideration of Eq. 6, that

bo

ng=1+-————with
" by + b1(No)y 5
(8)
by + /b3 + 4byby
(NO)O.S = 2b2
and that
&) .
ng=l4+——"—  with
" o+ c1(Nog s
9)
a1+ 4/l +4coer
(No)o,s -

2()2

at low and high S concentrations, respectively.
Accordingly, the analysis of the ny dependence
on S concentrations provides us with a new kinetic

(6)

ing S concentrations), the ny values should
continuously decrease from a finite value recorded
at low S down to the limit value of 1.0 at high S.
The latter result was indeed expected from our
analysis of Eq. 3, but the validity of the ny depen-
dence on S as a kinetic criterion aimed at model
discrimination is not constrained by the question of
whether a close to saturating S concentration is
reached or not during the analysis. Yet, should there
be any ambiguity in assessing whether the ny value
approaches 1.0 or not at high S, the following
transformation of Eq. 7

I [ I _1} 2w bitalS)
(No)os (mm —1) (No)os(nu —1) by +co(So)
(10)

could be used to analyze the S dependence of the new
parameter appearing on the left-hand side, which can
be calculated from the ny and (N,)os values esti-
mated at each S concentration. Indeed, Eq. 10 pre-
dicts that either linear (¢o = 0) or hyperbolic (upward
when ¢{/cy > b1/by but downward in the reverse case)
behavior should be observed for the NSN or NNS
mechanisms, respectively.
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Table 2. Derivation of the 8-state NSN mechanism of cotransport

Macro constants Algebraic expressions

do kia ka3 kag kas kse key (kg1 + ks3)

bo kaz kag (k12 + ka1) (Ksa kes + ksa ke7 + ks Ke7) (kaz kg1 + kag kg1 + k3 kg3)

b k3 kaz ko (ksa kes + ksqker + kse ke7) (kia kag + kiaksi + kagkgi + kiakss) + kas kse ke kag (k1o + kap)
(k3 kg1 + kag kgy + k3o ks3)

by ka3 kas kse ke kag (k1o ksg + kiaksy + kg ksi + kiz ks3)

Co 0

& kia ka3 kag kg (Ksa kes + ksa ko7 + kse ke7) (kg1 + kga) + kag kas kse ko7 kg ksy (ka1 + kay)

&} k12 ka3 kag kas (kgy + kgs) [k7g (kss + kes + ke7) + kse ko7l + Koz kza Kkas ks ke7 kg (k12 + kgi1)

The macro constants shown correspond to the constant and substrate coefficient terms appearing in Eq. 2 when applied to the kinetic

mechanism of cotransport depicted in Fig. 1B.

DISCRIMINATORY VALUE OF THE NEw KINETIC
CRITERIA

The discriminatory value of the kinetic criteria es-
tablished in the previous section needs to be evalu-
ated with regard to potential modifications of Eq. 2,
as may arise when involving simplifying assumptions
such as equilibrium substrate binding. This was done
through computer-assisted derivation of the velocity
equations characterizing reduced NNS and NSN
mechanisms of cotransport, which were generated by
introducing one or more rapid equilibrium segments
into the transport cycles depicted in Fig. 1. The re-
sults of these studies are summarized in Table 3, from
which the following conclusions can be drawn.

First, full Eq. 2 only applies to NNVS mechanisms
and its generic form in this case is independent of
whether S and/or the first N bind(s) to the protein in
a steady-state or equilibrium reaction. In actual facts,
then, full Eq. 2 characterizes steady-state N binding
to the second of the two N sites.

Second, for NSN mechanisms, the simplification
¢o = 0 alone is independent of whether steady-state
or rapid equilibrium assumptions are used to describe
N binding to either one or both of the N sites and,
then, appears to be a specific feature of steady-state S
binding in this case. However, this same simplifica-
tion also applies to NNS mechanisms if only the
second of the two N ions binds within a rapid equi-
librium segment, irrespectively of steady-state or
equilibrium S binding. Accordingly, the kinetic cri-
teria provided by Egs. 3 and 7-10 should prove suc-
cessful at assessing whether ¢y = 0 or not in Eq. 2: a
negative answer in this respect would readily identify
an NNS sequence of substrate addition to the trans-
port protein, but a negative response ought to be
interpreted with caution.

Third, the simplifications ¢y = 0 and ¢; = 0 in
combination appear to be a specific feature of equi-
librium N binding to both of the N sites in the case of
NNS mechanisms, irrespectively of steady-state or
equilibrium S binding. Clearly, this possibility should
be ecasily identifiable from the demonstration that

Table 3. Modifications of Eq. 2 resulting from rapid equilibrium
assumptions

Rapid equilibrium Modifications of Eq. 2

segments

NNS model NSN model
T>-Ts None =0
T3-T4 Co = 0 Co = b2 =0
T4-Ts None =20
T2‘T4 Cop = €1 = 0 Co = b2 =0
T>-T5 and T4-Ts None =0
T3_T5 Co = 0 Co = b2 =0
TQ-TS Cop = C1 = 0 Co — bz =0

The rapid equilibrium segments shown were introduced into the
kinetic mechanisms of cotransport depicted in Figs. 14 (NNS
model) and 1B (NSN model). The effects of these modifications
from the basic model were tested by computer-assisted derivation
of the initial velocity equations characterizing each of the simplified
schemes and subsequent comparison of their denominator expres-
sions with that of Eq. 2 in the text.

Vs . is independent of N concentrations, as inferred
from Eq. 3. Note that Eq. 9 also indicates that, at
saturating S concentrations, a Hill plot analysis of the
data should prove meaningless in this case.

Last, the simplifications ¢y = 0 and b, = 0 in
combination appear to be a specific feature of equi-
librium S binding in the case of NSN mechanisms.
This result is also independent of whether steady-state
or rapid equilibrium assumptions are used to describe
N binding to either one or both of the N sites. Clearly,
the additional constraint b, = 0 does not affect in any
way the predictive value of Eqs. 3-10 as regards dis-
crimination against the NNS models (see second
conclusion above). However, the concomitant dem-
onstration that V'Y, is independent of S would readily
identify a NSN sequence of substrate addition with
rapid equilibrium S binding and rule out the concur-
rent NNS models, as inferred from Eq. 5.

EXPERIMENTAL STUDIES

In agreement with previous studies from our group
[10, 25], the time courses of glucose transport re-
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Fig. 2. N dependence of the initial rates of glucose transport v;- at
low (A4) and high (B) S concentrations. Uptake assays were per-
formed as described in the text in the presence of 4 pm p-[1->H(N)]-
glucose and either 0.020 (4) or 1.0 mm (B) unlabeled p-glucose.
The best-fit lines to the data points (mean + sp,n = 3) are shown,
as determined by nonlinear regression analysis using Eq. 1 in the
text. In A, ny was used as a floating parameter (dashed line) or a
prompt constant with integer value of 2.0 (continuous line). In B, ny
was used as a prompt constant with integer values of either 1.0
(dashed line) or 2.0 (continuous line). In both 4 and B, missing error
bars were smaller than the symbol size.

corded in the present studies were found to be linear
up to 7 s at all S and N concentrations (results not
shown). Therefore, the initial rates of transport were
estimated by linear regression analysis over the 1-7 s
time course of the transport assays. For analytical
purposes [5, 10, 22], glucose transport velocity
measurements (v}, pmol's~! - mg~! protein) are ex-
pressed as tracer uptake rates at 4 pum radio-labeled
glucose.

In the absence of N, tracer glucose transport
proved to be independent of unlabeled S concentra-
tions with finite intercept and slope values for the
pooled data of 0.181 + 0.011 pmol'mg ™" protein and
0.0292 + 0.0024 pmol - s~ "mg~' protein, respec-
tively. As illustrated in Fig. 2 at low (A4) and high (B)
glucose concentrations, the N dependence of trans-
port was evaluated using Eq. 1 in which v? was fixed
at the above slope value and ny was first treated as a
floating parameter (dashed line in Fig. 24). The VY

ax
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dependence on S revealed by this analysis (Table 4)
indicates that b, # 0 in Eq. 2, as inferred from Eq. 5.
This result thus rules out all classes of NSN mecha-
nisms with equilibrium S binding (Table 3). In addi-
tion, Table 4 clearly shows that the ny data are
randomly distributed above and below the mean
value of 1.85 + 0.23 over a range of S concentrations
significantly affecting both Vﬁax and (N,) 5 (note also
in this respect the 10-fold reduction in the y scales
between Figs. 24 and B). As inferred from Egs. 8 and
9, this result establishes that ¢, # 0 in Eq. 2 and can be
taken as evidence against all classes of NSN mecha-
nisms.

In support of this view and validity of full Eq. 3,
Fig. 2B (dashed line) and Table 4 demonstrate that
the N dependence of transport observed at 1.004 mm
glucose cannot be accounted for by hyperbolic ki-
netics when tested by treating ny in Eq. 1 as a prompt
constant with integer value of 1.0. In this respect,
note that a run test shows significant deviation from
model predictions when ny = 1.0 (p = 0.0397).
Moreover, the v$ dependence on N at close to satu-
rating S also rules out all classes of NN.S mechanisms
with equilibrium N binding to both of the N sites for
which ¢y = ¢; = 0 (Table 3).

The ny data above support the concept that,
within the experimental errors, the N, coefficient term
in the denominator expression of Eq. 2 is small rel-
ative to the constant and N? coefficient terms at all S.
This assumption was further tested using Eq. 1 in
which ny was treated as a prompt constant with in-
teger value of 2.0 (solid lines in Fig. 24 and B). The
complete analysis is summarized in Table 4 from
which we conclude, by looking at the F test, that the
reduction in the degrees of freedom (number of data
points minus number of variables) does not lead to a
statistically significant decrease in the sum-of-squares
at all glucose concentrations.

The finding that the observed ny values are not
significantly different from the actual number of N
binding sites suggests that Eq. 1 fully accounts for the
N dependence of transport at all S. As inferred from
Eqgs. 8-10, a ny value of 2.0 at both low and high S
would require that by = ¢; = 0. Introducing these
modifications into Eq. 2 and rearranging according to
Cleland’s nomenclature [33] thus lead to

5o Vi (S0) (Vo) )
LRI (So)] + [Kas + (S0)]No)

with the following definitions of the new kinetic pa-
rameters: Viyax = aoTy/c2, Kims = ba/ca, Koy = ¢o/c2,
and K;; = bg/cy. Note that the kinetic parameter
K2 = by /b, also needs to be defined for homogeneity
of Eq. 11 with regard to the S dependence of trans-
port, but that this parameter satisfies Eq. 12.
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Table 4. N dependence of glucose transport

S (mm) v (pmols~''mg~" protein) (No)o.s (mm) ny p value of F-test
0.024 3.62 £ 0.10 185 = 8 2.0 fixed
3.60 = 0.14 183 + 12 2.06 + 0.18 0.745
0.054 2.94 + 0.43 161 + 18 2.0 fixed
3.50 + 0.63 217 £ 50 1.68 + 0.16 0.113
0.104 1.64 £ 0.13 132 £ 9 2.0 fixed
1.78 + 0.18 147 £ 17 1.82 + 0.12 0.213
0.204 1.05 £ 0.13 115 £ 12 2.0 fixed
1.31 + 0.23 154 + 33 1.62 + 0.17 0.0902
0.504 0.577 £ 0.028 74 + 7 2.0 fixed
0.569 + 0.034 73 + 8 2.20 + 0.45 0.628
1.004 0.219 + 0.010 69 £ 4 2.0 fixed
0.234 + 0.013 79 + 7 1.71 + 0.13 0.095
0.329 + 0.054 183 + 50 1.0 fixed not necessary

The experiments depicted in Fig. 2 were repeated at me indicated glucose concentrations (S) to determine the apparent VN, and (N,)o 5 of
transport. The F-test quantifies the relationship between the relative decrease in sum of squares and the relative decrease in degrees of
freedom when going from the simpler (ny value fixed at 2.0) to the more complex (floating ny value) model. A p value > 0.05 indicates that
there is no compelling evidence supporting the more complex model. At 1.004 mm glucose, the F-test proved to be not necessary (and, in real
facts, just cannot be performed) when comparing Michaelis-Menten (ny = 1.0) and Hill (ng = 2.0) kinetics because the two models have
identical degrees of freedom. Yet, the sum of squares and the relative errors associated with the V'Y, and (N,)o 5 values increased by a 3- to
5-fold factor when decreasing the ny value to 1.0, thus showing that ny = 2.0 significantly improves the goodness of fit. Moreover,
comparing Hill kinetics with floating ny; values and Michaelis-Menten kinetics led to a p value <0.0001, a highly significant figure as regards
the goodness of the fit with the former model.

K; Kns = KisKo\ (12)  Discussion

THEORETICAL CONSIDERATIONS
Comparing Egs. 1 and 11 thus allows us to establish

that The theoretical studies presented in this paper dem-
onstrate for the first time that, when derived from
N Vimax (So) (13) steady-state assumptions, the zero-trans velocity

max T Kos + (So) equations characterizing the 8-state NN.S and NSN

mechanisms of cotransport have similar generic

and forms, except for the absence of the substrate coeffi-
cient term ¢, in the denominator expression of Eq. 2

(Ng)2 < = K2\ [Kis + (So)] _ K2 K + K3 (So) characterizing the NSN model (Tables 1 and 2). This
0705 Kms + (So) Kms + (So) notable difference laid the foundations of a new

(14) strategy aimed at discriminating between the two

models, which involves experiments where the initial

should represent valid analytical equations of the rate data are recorded at fixed S and analyzed relative
VN and (N,)o 5 data for any candidate NNS kinetic ~ to the N dependence of transport using a Hill equa-
mechanism that would conform to Eq. 11. Note that  tion. If conforming to the NN.S or NSN mechanisms,
the right-hand term in Eq. 14 was obtained using Eq. these data should show either finite values of the Hill

12 and proper substitution thereafter coefficient at all S or decreasing values of this pa-
As shown in Fig. 34, the V'Y = data reported in  rameter down to a limit value of 1.0 at high S, re-
Table 4 satisfy the predictions of Eq. 13 when ana- spectively. Only two deviations from this general rule

lyzed as a displacement curve of tracer glucose by were noted with the NNS model and relate to the
unlabeled substrate as previously justified by our assumption that N binding to both sites or to the
group [5, 10, 22]. It is thus possible to establish from  second site only is in rapid equilibrium (Table 3). The
these results that Viy.e = 64 + 6 pmols 'mg™! first eventuality can be readily identified from its as-
protein and K, = 43 + 8 um. Similarly, Fig. 3B sociated characteristic Eq. 3 predicting the indepen-
demonstrates that the apparent (N,)q 5 data reported dence of V'S on N concentrations when ¢y = ¢; = 0.
in Table 4 satisfy the predictions of Eq. 14 when using ~ However, the second possibility also leads to ¢g = 0
nonlinear regression analysis with the K, parameter in the denominator expression of Eq. 2 and, then,
fixed at the above value. It is thus possible to estab- represents the unique limit case whereby the pro-
lish from these results that K, = 50 £ 4 mm, K, = posed approach will fail discrimination between the
230 = 6 mm, and K;; = 0.88 + 0.15 mm. N:N:S and N:S:N sequences of substrate addition.



96

>
s
J

v"
max
(nmol.s"Y.mg~! protein)
N

1 T
0.0 0.2 0.4 06 08 1.0
S (mM)

Fig. 3. S dependence of the V'Y (4) and (N,)o s (B) data reported

max

in Table 2 (ny = 2.0). The best-fit lines are shown, as determined
by nonlinear regression analysis using either Eq. 13 (4) or Eq. 14
(B) in the text. In both 4 and B, missing error bars were smaller
than the symbol size.

ORDERED N:N:S SEQUENCE OF SUBSTRATE ADDITION
TO THE SGLTL PROTEIN

When performed in rabbit intestinal BBMV, the key
experiments discussed in the previous section proved
to be a very useful and potent strategy to discriminate
between representative members of the NNS and
NSN mechanisms of Na™-glucose cotransport. In
this respect, these studies demonstrate that a Hill
equation with ny = 2.0 best describes the steady-
state kinetics of glucose transport at all S (Fig. 2 and
Table 4). Therefore, it can be unambiguously con-
cluded that the two N ions bind first to the rabbit
SGLTI1 protein and that Eq. 11 fully accounts for the
S dependence of both V¥ —and (N,)os (Fig. 3).
Moreover, the rearrangement of this equation ac-
cording to Cleland’s formalism [33] allowed us to
estimate the four steady-state kinetic parameters rel-
evant to Na ' -glucose cotransport under zero-trans
gradient conditions.

A different conclusion with regard to the order of
substrate binding was previously reached by Restrepo
and Kimmich [30] on the observation that the V3 of

max
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a-methylglucose transport increases with N concen-
trations in chick intestinal epithelial cells. Indeed,
within the context of rapid equilibrium kinetics ad-
vocated by these authors, it is readily apparent from
Table 3 that the NNS model leads to a degenerate Eq.
2 involving the simplification ¢y = ¢; = 0 in its de-
nominator expression. According to Eq. 3, then, the
Vs . dependence on N may appear as a valid kinetic
criterion against which the NNS model should be
rejected. However, as shown in Table 3 and in part
correctly evaluated by Restrepo and Kimmich [30],
the validity of this conclusion is highly restricted to
equilibrium N binding to both of the N sites in the
NNS mechanism. In addition, to be really conclusive
with regard to the acceptability of the rapid equilib-
rium NSN model for which the simplification ¢y = b,
= 0 ought to be introduced into the denominator
expression of Eq. 2 (Table 3), the V> dependence on
N predicted from Eq. 3 should conform to hyperbolic
kinetics. Notwithstanding the fact that such behavior
is also expected if only the second of the two N ions
binds within a rapid equilibrium segment of the NNS
mechanism (Table 3), it turns out that the V3 de-
pendence on N reported by Restrepo and Kimmich
[30] appears to be sigmoid rather than hyperbolic at
the close to saturating S concentration of 15 mMm (ny
= 148 =+ 0.22). Accordingly, this result and the
concomitant consideration of Eqgs. 6-9 strongly argue
against, rather than support, the NSN mechanism of
cotransport. In actual facts, as inferred from Eq. 5,
the V3 dependence on S also reported by these
authors [30] clearly rules out the rapid equilibrium
N:S:N sequence of substrate addition.

Our conclusion of a N:N:S order of substrate
binding to the SGLT1 protein agrees with that of
Parent et al. [28] who further proposed a 6-state
mechanism of cotransport whereby the addition of the
two N ions on the transporter is described as a single
reaction step. However, contrasting with our results at
high S concentrations (Fig. 2B) and those of Restrepo
and Kimmich [30] discussed above, the V5 of sugar
transport was reported to be independent of N con-
centrations when estimated in Xenopus oocytes over-
expressing the rabbit SGLT1 protein [27]. Quick et al.
[29] recently argued that this result goes against the
conclusion that N is the last substrate bound to the
transporter. This conclusion is indeed supported by
our theoretical studies and Eq. 3 when assuming
equilibrium N binding to both of the N sites (in which
case ¢cg = ¢; = 0, see Table 3). However, this hy-
pothesis proves to be internally inconsistent with
other pieces of evidence reported by Parent et al. [27].
First, it cannot be accounted for by the velocity
equation derived from the 6-state NNVS model advo-
cated by these authors, the generic form of which is
fully compatible with that proposed for Eq. 11 in the
present studies [13, 28]. Second, it would conflict with
the predictions of Eqs. 8 and 9 as regards the obser-
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vation of nyy values =2.0 at all S from 0.1 to 20 mm and
the finding of finite (N,) 5 values at high S concen-
trations [27]. Last, it would prove incompatible with
the concomitant demonstration of the V5,  depen-
dence on membrane potential because more negative
potentials, which decrease the apparent (N,)os of
transport [27], merely act by increasing the effective V
concentration acting on the SGLT1 protein. There-
fore, the N independence of V5 reported by Parent
et al. [27] can be seriously questioned as regards the
lowest N concentration used in their studies (10 mm)
and/or the stability over time of the oocyte prepara-
tion when varying N concentrations from 10 to 100
mwM in this order.

KiNeTic MECHANISM OF Nat-GLucose
COTRANSPORT THROUGH THE SGLT1 PROTEIN

The demonstration that Eq. 11 fully accounts for the
steady-state kinetics of Na™-glucose cotransport
does not tell us which modifications should be in-
troduced into the general 8-state mechanism depicted
in Fig. 14 to justify the absence of the substrate co-
efficient terms b; and ¢; in the denominator expres-
sion of Eq. 2. As a starting point to resolve this issue,
it should be noted that the 6-state model of Parent
et al. [28] satisfies these requirements. However, the
two empirical assumptions seemingly supporting this
reduction of the 8-state mechanism (either the bind-
ing of the first N is much faster than the second or the
two N bind with identical rate constants to similar
sites [28]) have since been dismissed following their
critical evaluation by Falk et al. [13]. As further
shown in the latter studies, the only way to justify the
fusion of two discrete NV binding steps into a single
reaction sequence (and, hence, that b; = 0) is to as-
sume that the addition of the two N ions is random
and occurs with very strong cooperativity within a
rapid equilibrium segment of the transport cycle.
Interestingly, this predicted high degree of cooper-
ativity between the two N sites has since been dem-
onstrated [23]. Yet, as clearly apparent from Table 3,
this assumption alone would also introduce the ad-
ditional constraints that ¢ = 0 and c; 0, the
combination of which proves to be incompatible with
the experimental data reported in this and previous
studies [27, 30] (see Discussion above). This seem-
ingly paradoxical issue was resolved by Falk et al.
[13] on the additional hypothesis of the existence of a
slow isomerization step consecutive to N binding but
preceding S addition to the SGLT1 protein, in which
case ¢; = 0 but ¢y # 0. Moreover, as far as the generic
form of Eq. 11 is concerned, it does not matter
whether S binding is in rapid equilibrium or not and
whether the Na " -leak pathway occurs upstream or
downstream from the slow isomerization step [13].
Therefore, the kinetic scheme depicted in Fig. 44
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Fig. 4. Proposed 8-state mechanism of Na*-p-glucose cotrans-
port. (4) It is assumed that the addition of the two Na ™ ions () is
random and occurs with very strong cooperativity within a rapid
equilibrium segment of the transport cycle, hence justifying the
fusion of two discrete N binding steps into a single reaction se-
quence [13]. The 2 N-bound complex (73) is committed to a slow
isomerization step leading to “deocclusion” of the S binding site.
The reorientation of this site from an outward- to an inward-facing
configuration can proceed in the complete absence of S (74/T;
transition, leak pathway) or following rapid equilibrium binding of
S (Ts/Tg transition, cotransport pathway). Note that the latter
assumption does not affect the generic form of Eq. 11 [13]. (B)
Equivalent 4-state scheme of the model depicted in A after reduc-
tion according to Cha’s formalism [7] in which the Tx and Ty
species represent the summation of those carrier species linked
through a rapid equilibrium segment, whereas the f; stand for the
fractional concentrations of the different 7; species. Other nota-
tions are as described in the legend to Fig. 1. Under zero-trans
conditions, note that f; = f; = 1 and fs = f3 = 0, whereas

fr = KnsllKos + (N1 f3 = (NoY/[Kas + (N1, fa = Kus/

[Kas + (So)l, and f5 = (So)/[Kas + (So)]-

represents the simplest 8-state mechanism of co-
transport that can be used as a fully justified sub-
stitute for the empirical 6-state model of Parent et al.
[28]. Indeed, as shown in Table 5, this kinetic mech-
anism does fulfill the requirements of Eq. 11 and
would readily account for the ligand-induced con-
formational changes recently inferred from fluores-
cence studies of human SGLT1 [23]. Note in Fig. 44
that the positioning of the leak pathway at the 74/T>
rather than 73/Ty transition is compatible with the
concept that the 2-N-bound complex (73) is com-
mitted to a slow isomerization step leading to
“deocclusioin” of the S binding site. Accordingly, the
reorientation of this site from an outward- to an in-
ward-facing configuration could proceed, although at
a slower rate, in the complete absence of S.

It was recently argued [40] that the gain in
simplifying an 8-state mechanism (20 rate constants)
to a 6-state model (14 rate constants) outweighs the
more rigorous approach proposed by Falk et al.
[13]. We cannot subscribe to this simplistic view for
at least two main reasons. First, as inferred from
Fig. 44 and previously discussed [13], at least 4 out
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Table 5. Derivation of the pseudo 8-state NNS mechanism of co-
transport

Macro constants  Algebraic expressions

o kia kaa kse (k74 + k7g)

bo (k1o + ka1) (ks k9a + kaz kag + kag kqg)
K3 Kys

by 0

by (k12 (k3q + ka3) (k7a + ko) + kay
(k12 k3q + ksg kog + kiz kg)] Kas

o kse kg (k1o + k1) Kn3

C1 0

&) kiz ksg (ksg + k74 + kgg) + kse kg
(k12 + k34)

The macro constants shown correspond to the constant and sub-
strate coefficient terms appearing in Eq. 2 when applied to the
kinetic mechanism of cotransport depicted in Fig. 44.

of the 14 rate constants appearing in the 6-state
model of Parent et al. [28] ought to be pseudo rate
constants, the value of which may change with N
concentrations and/or membrane potential. In sup-
port of this view, the kyi/k» ratio of 24 previously
reported by these authors [28] has since been re-
evaluated to the value of 1000 from parallel mea-
surements of  presteady-state  currents and
fluorescent changes [23]. Second, the §8-state mech-
anism depicted in Fig. 44 is characterized by 12
independent parameters out of its 10 rate constants
and 4 dissociation constants (two of these are linked
to the others through the law of microscopic re-
versibility applying to the two cycles). In this re-
spect, then, this model is in no way more complex
than its 6-state counterpart, which is also charac-
terized by 12 independent parameters out of its 14
rate constants. In actual facts, its derivation is even
simpler because it can be transformed to an equiv-
alent 4-state scheme according to Cha’s formalism
[7] (Fig. 4B), so that 4 rather than 15 King-Altman
patterns need to be considered. It is therefore our
contention that the more rigorous analyses intro-
duced in the present and previous studies [13] sur-
pass in every respect the empirical treatment of the
6-state model [23, 28, 29].

COMPARISON OF SUGAR TRANSPORT AND PHLORIZIN
BINDING STUDIES

The N:N:S sequence of N and glucose addition
proposed in the present studies for the rabbit intes-
tinal SGLT1 protein contrasts with the previously
established N:S:N order of N and phlorizin binding
to rabbit kidney BBMV [26]. It could be argued that
these seemingly contradictory results are linked to
the molecular heterogeneity of Na'-glucose co-
transport in the kidney as compared to the small
intestine [40]. However, such an explanation appears

A. Berteloot: Kinetic Mechanism of Na " -Glucose Cotransport

unlikely because a similar paradigm also emerges
from the sugar transport and phlorizin binding
studies of Restrepo and Kimmick [30, 31]. As dis-
cussed in a previous section, o-methylglucose trans-
port in chick intestinal cells [30] appears to be fully
compatible with an N:N:S sequence of N and sugar
addition when reevaluated in the light of our theo-
retical studies. Yet, phlorizin binding in similar cell
preparations [31] rather conforms to an N:S:N order
of N and inhibitor binding to the transport protein,
as can be unambiguously concluded from the dem-
onstration that phlorizin dissociation is much faster
in the absence than in the presence of N [26, 31]. All
together, these data thus seem to challenge the
classical view that Na " -glucose cotransport model-
ing can be probed using the binding kinetics of a
nontransported competitive inhibitor like phlorizin
[38].

In this regard, the cotransporter has receptor
sites for both glucose and phloretin, the aglucone
moiety of the phlorizin molecule [1]. Moreover,
phlorizin inhibition of glucose transport is fast on the
steady-state time scale of 0-9 s [25] whereas phlorizin
binding to BBMYV requires several minutes to reach
equilibrium [2, 26, 31]. This so-called fast-acting
slow-binding paradigm [14] has since been solved by
showing that phlorizin binding is a two-step process
whereby fast N and inhibitor addition to both of the
sugar and aglucone sites is followed by a slow con-
formation change preceding further N attachment,
thus occluding and stabilizing that part of the
phlorizin-bound receptor complexes detected using a
rapid filtration assay [26]. Accordingly, one may
question the significance of a direct comparison be-
tween two molecules showing different binding
properties to their receptor protein.

As an alternative and/or complementary consid-
eration, it should further be noted that the theoretical
studies reported in the present paper were con-
strained to the hypothesis that SGLT1 functions as a
monomeric protein. While seemingly supported by
freeze-fracture electron microscopic examination of
recombinant cotransport protein expressed in oocytes
[12, 41], this assumption may, however, conflict with
inactivation radiation [35-37] as well as other studies
[6, 10, 15, 16, 19, 20, 25, 26] performed in native
intestinal and renal membranes. Accordingly, the
N:N:S sequence of N and sugar addition vs the N:S:N
order of N and phlorizin binding to the SGLTI1
protein might as well represent two complementary
aspects of a more complex mechanism that remains
to be identified.
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