Hangil Chang and Toshiro Fujita
AmJ Physiol Renal Physiol 276:952-959, 1999.

You might find this additional information useful...

Thisarticle cites 9 articles, 5 of which you can access free at:
http://ajprenal .physiol ogy.org/cgi/content/full/276/6/F952#B1BL

This article has been cited by 5 other HighWire hosted articles:
A mathematical model of rat distal convoluted tubule. I. Cotransporter function in early
DCT
A. M. Weinstein
Am J Physiol Renal Physiol, October 1, 2005; 289 (4): F699-F720.
[Abstract] [Full Text] [PDF]

Molecular Physiology and Pathophysiology of Electroneutral Cation-Chloride
Cotransporters

G. Gamba

Physiol Rev, April 1, 2005; 85 (2): 423-493.

[Abstract] [Full Text] [PDF]

A numerical model of acid-basetransport in rat distal tubule
H. Chang and T. Fujita

AmJ Physiol Renal Physiol, August 1, 2001; 281 (2): F222-F243.
[Abstract] [Full Text] [PDF]

Characterization of the thiazide-sensitive Na+-Cl- cotransporter: a new model for ions and
diureticsinteraction

A. Monroy, C. Plata, S. C. Hebert and G. Gamba

AmJ Physiol Renal Physiol, July 1, 2000; 279 (1): F161-F169.

[Abstract] [Full Text] [PDF]

Mammalian Distal Tubule: Physiology, Pathophysiology, and Molecular Anatomy
R. F. Reilly and D. H. Ellison

Physiol Rev, January 1, 2000; 80 (1): 277-313.

[Abstract] [Full Text] [PDF]

Medline items on this article's topics can be found at http://highwire.stanford.edu/lists/artbytopic.dtl
on the following topics:

Physics .. Kinetic Model
Mathematics .. Linear Equation

Updated information and services including high-resolution figures, can be found at:
http://ajprenal .physiol ogy.org/cgi/content/full/276/6/F952

Additional material and information about AJP - Renal Physiology can be found at:
http://www.the-aps.org/publications/gjprenal

Thisinformation is current as of September 6, 2008 .

AJP - Renal Physiology publishes original manuscripts on a broad range of subjects relating to the kidney, urinary tract, and their
respective cells and vasculature, as well as to the control of body fluid volume and composition. It is published 12 times ayear
(monthly) by the American Physiological Society, 9650 Rockville Pike, Bethesda MD 20814-3991. Copyright © 2005 by the
American Physiological Society. ISSN: 0363-6127, ESSN: 1522-1466. Visit our website at http://www.the-aps.org/.

8002 ‘9 laquwaidas uo hioABojoisAyd-jeuaidfe woiy papeojumoq



http://ajprenal.physiology.org/cgi/content/full/276/6/F952#BIBL
http://ajprenal.physiology.org/cgi/content/abstract/289/4/F699
http://ajprenal.physiology.org/cgi/content/full/289/4/F699
http://ajprenal.physiology.org/cgi/reprint/289/4/F699
http://physrev.physiology.org/cgi/content/abstract/85/2/423
http://physrev.physiology.org/cgi/content/full/85/2/423
http://physrev.physiology.org/cgi/reprint/85/2/423
http://ajprenal.physiology.org/cgi/content/abstract/281/2/F222
http://ajprenal.physiology.org/cgi/content/full/281/2/F222
http://ajprenal.physiology.org/cgi/reprint/281/2/F222
http://ajprenal.physiology.org/cgi/content/abstract/279/1/F161
http://ajprenal.physiology.org/cgi/content/full/279/1/F161
http://ajprenal.physiology.org/cgi/reprint/279/1/F161
http://physrev.physiology.org/cgi/content/abstract/80/1/277
http://physrev.physiology.org/cgi/content/full/80/1/277
http://physrev.physiology.org/cgi/reprint/80/1/277
http://highwire.stanford.edu/lists/artbytopic.dtl
http://ajprenal.physiology.org/cgi/content/full/276/6/F952
http://www.the-aps.org/publications/ajprenal
http://www.the-aps.org/
http://ajprenal.physiology.org

special

communication

A kinetic model of the thiazide-sensitive

Na-CIl cotransporter

HANGIL CHANG! AND TOSHIRO FUJITA?

IHealth Service Center, and 2Fourth Department of Internal Medicine,

University of Tokyo, Tokyo 153-8902, Japan

Chang, Hangil, and Toshiro Fujita. A kinetic model of
the thiazide-sensitive Na-Cl cotransporter. Am. J. Physiol.
276 (Renal Physiol. 45): F952—-F959, 1999.—The aim of this
study was to construct a numerical model of the thiazide-
sensitive Na-Cl cotransporter (TSC) that can predict kinetics
of thiazide binding and substrate transport of TSC. We
hypothesized that the mechanisms underlying these kinetic
properties can be approximated by a state diagram in which
the transporter has two binding sites, one for sodium and
another for chloride and thiazide. On the basis of the state
diagram, a system of linear equations that should be satisfied
in the steady state was postulated. Numerical solution of
these equations yielded model prediction of kinetics of thia-
zide binding and substrate transport. Rate constants, which
determine transitional rates between states, were systemati-
cally adjusted to minimize a penalty function that was
devised to quantitatively estimate the difference between
model predictions and experimental results. With the resul-
tant rate constants, the model could simulate the following
experimental results: 1) dissociation constant of thiazide in
the absence of sodium and chloride; 2) inhibitory effect of
chloride on thiazide binding; 3) stimulatory effect of sodium
on thiazide binding; 4) combined effects of sodium and
chloride on thiazide binding; 5) dependence of sodium influx
on extracellular sodium and chloride; and 6) inhibition of
sodium influx by extracellular thiazide. We conclude that
known Kinetic properties of TSC can be predicted by a model
which is based on a state diagram.

sodium-chloride cotransporter; thiazide diuretics; electrolyte
metabolism; kinetic model; computer program

THIAZIDE-SENSITIVE Na-Cl cotransporter (TSC) is pres-
ent in the renal distal tubule where ~10% of filtered
sodium and chloride are reabsorbed (6). In the distal
tubule, TSC is localized to the luminal cell membrane
and contributes to reabsorption of sodium and chloride
by facilitating the entry of these ions into the cell.
Transport mediated by TSC is blocked by thiazide, and
physiological significance of TSC in the maintenance of
body sodium balance can be inferred by the efficacy of
thiazide in the treatment of human hypertension.
Physiological significance of TSC has been further

The costs of publication of this article were defrayed in part by the
payment of page charges. The article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

illustrated recently by the finding that genetic defects
in TSC in human subjects caused derangement in
electrolyte metabolism (hypokalemia and metabolic
alkalosis) known as Gitelman’s syndrome (9).

Fanestil and coworkers (1, 13) reported detailed
experiments addressing the kinetics of thiazide binding
of TSC using renal cortical membranes. They found
that 1) metolazone, a diuretic with a thiazide-like
mechanism of action, had a high affinity to TSC; 2)
chloride inhibited metolazone binding (i.e., the fraction
of TSC bound with metolazone); and 3) sodium stimu-
lated metolazone binding. To explain these results,
they proposed a conceptual model of TSC, in which
there are two binding sites, one that is selective for
sodium and another that recognizes chloride and
metolazone in a mutually exclusive fashion and in
which occupancy of the former site by sodium increases
the affinity of the latter site for metolazone.

Success in cDNA cloning of TSC (3, 4) has enabled
direct measurement of sodium influx through TSC
expressed in Xenopus laevis oocytes. Gamba et al. (4)
measured sodium influx with various extracellular
concentrations of sodium and chloride, and they found
that sodium influx was a saturable process and was
consistent with a carrier-mediated mechanism cotrans-
porting sodium and chloride with 1:1 stoichiometry.
Dependence of sodium influx on extracellular sodium
and chloride could be described by Michaelis-Menten
equations with Michaelis constants of 25.0 and 13.6
mM, respectively.

Thiazide, when present in the extracellular fluid,
inhibits transport by TSC in a dose-dependent manner.
The effective concentration of thiazide is significantly
higher than the apparent dissociation constant re-
ported in binding studies. For example, hydrochlorothia-
zide at 100 pM inhibited sodium influx by 59% (4),
whereas the apparent dissociation constant of hydro-
chlorothiazide is ~100 nM (1). Similar dose depen-
dency of hydrochlorothiazide in inhibiting sodium in-
flux was reported in the urinary bladder of the winter
flounder, which is rich in TSC; half-maximal effective
concentration was 20—-50 uM (11). Thus effective affin-
ity (10) of thiazide measured by functional studies
appears to be 200- to 1,000-fold lower than the appar-
ent affinity measured by binding studies.

The aim of the present study was to develop a
numerical model of TSC that predicts quantitatively
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A KINETIC MODEL OF TSC

and coherently these experimental findings. The strat-
egy was 1) to construct a model based on a state
diagram, 2) to calculate the predictions of the model by
numerically solving the steady-state equations, and 3)
to find the set of rate constants with which the model
simulates the experimental results best. We have as-
sumed a state diagram that is similar to the one
proposed by Fanestil and coworkers, (13) except that in
our model thiazide binding can be possible both from
the extracellular and intracellular sides. This assump-
tion was considered to be necessary, since our prelimi-
nary examination had revealed that a model without
intracellular thiazide binding could not simulate the
observed discrepancy between effective and apparent
affinities of thiazide. Optimal values of rate constants
were determined as a minimization problem of a pen-
alty function that was devised to quantitatively esti-
mate the difference between model predictions and
experimental results. Systematic search procedure
yielded a set of rate constants with which the model
could simulate all the experimental results listed above.

METHODS

Experimental data to simulate. We constructed the present
model to simulate the published experiments of TSC that
addressed kinetics of thiazide binding (1, 13) and substrate
transport (4). Specifically, we considered experimental results
on Kinetics of metolazone binding in the absence of sodium
and chloride (1), inhibitory effect of chloride on metolazone
binding (see figure 5B in Ref. 13), stimulatory effect of sodium
on metolazone binding (see figure 2A in Ref. 13), combined
effects of sodium and chloride on metolazone binding (see
figure 5A in Ref. 13), dependence of sodium influx on extracel-
lular sodium (see figure 2B in Ref. 4) and chloride (see figure
2C in Ref. 4), and inhibition of sodium influx by extracellular
thiazide (4). Values of data points were obtained by tracing
the figures in the publications.

State diagram. The state diagram of TSC, which we
hypothesized in this study, is illustrated in Fig. 1. TSC
molecule (“E”) has two binding sites, one for sodium (“Na”)
and another for chloride (“CI”). The latter site can also bind
thiazide (“D”), but bindings of chloride and thiazide are
mutually exclusive. The two sites can be occupied in any
order, and occupancy of one site can affect the binding or
dissociation processes of the other site. For example, the
dissociation rate constant of extracellular sodium when the
second site is unoccupied (k;) can be different from that when
the second site is occupied by chloride (kg). TSC exists either
on the extracellular side or on the intracellular side, and
states on the intracellular side are indicated by prime mark
(") Only unloaded and fully loaded TSC (E, E’, ENaCl, and
ENaCl’) can cross the cell membrane, and TSC loaded with
thiazide cannot cross the membrane.

Steady-state equations. In the steady state, probabilities of
finding a TSC molecule in individual states are time-
independent and satisfy the system of linear equations
(steady-state equations) listed in Table 1. In these equations,
the probabilities are represented by bracketed symbols?! such
as [ENa]. Equations M-1 to M-11 indicate that rates of
generation and destruction of each state balance each other
out. Equation M-12 derives from the definition of these

1 1t should be noted that solute concentrations are also indicated by
bracketed symbols (for example, [Na], [CI], and [D] in Eq. M-1).
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probabilities and indicates that a TSC molecule should be in
one of these states in a given instant. Although similar
equations for simpler diagrams with less than six states
might be solved manually (8), the steady-state equations for
TSC were too complex to be solved in closed form. To
circumvent the problem, we developed a computer program
that represents and solves the steady-state equations in
numerical form. Solution obtained by the program yielded the
proportion of TSC bound with metolazone ([ED] + [ENaD] +
[ED’] + [ENaD']), and experiments addressing kinetics of
metolazone binding could be simulated by altering the concen-
trations of sodium, chloride, and metolazone. Specifically,
experiments examining the effect of chloride on metolazone
binding were simulated with [Na] = [Na'] = 0, [CI] = [CI'] =
0 ~ 150 mM, and [D] = [D’] = 1 nM. Experiments examining
the effect of sodium on metolazone binding were simulated
with [Na] = [Na'] = 0 ~ 150 mM, [CI] = [CI'] = 0, and [D] =
[D'] = 1 nM. Finally, experiments examining metolazone
binding in the presence of both sodium and chloride were
simulated with [Na] = [Na’] = [CI] = [CI'] = 0 ~ 150 mM, and
[D] = [D'] = 1 nM. We have made [D] = [D'] in these calcu-
lations, because experiments by Fanestil and colleagues (1,
13) were conducted with membrane preparations.
Calculation of unidirectional sodium influx. Unidirectional
sodium influx was calculated by extending the original state
diagram with radioactive sodium to conform to the actual
experimental setup. There were six additional states repre-
senting TSC molecule loaded with radioactive sodium (Na*).
Specifically, they were ENa*, ENa*D, ENa*Cl, ENa*’,
ENa*D’, and ENa*Cl'. These states were connected to other
states similarly as their radioinactive counterparts. For
example, ENa* was connected with E, ENa*D, and ENa*Cl.
Forward and backward rate constants between E and ENa*
were ki[Na*] and k,, respectively. We note that, in this
extension of the diagram, no additional rate constants were
introduced, since we assumed that bindings and dissociations
of radioinactive and radioactive sodium were governed by the
same set of rate constants. The ratio of [Na*] to [Na] (specific
activity in the extracellular space) was set to 0.001 through-
out the study. The actual magnitude of this ratio is irrelevant
as long as it is sufficiently small. The concentration of

Table 1. A system of equations for the steady state

(ka[Na] + K3[CI] + ki7 + ka3[D])[E] — ko[ENa]

~ KJECI] — kis[E'] — koe[ED] =0 (M)

(kz + ks[CI] + kos[D])[ENa] — ki[Na][E] — ke[ENaCI] (M-2)
- kze[ENaD] =0

(k4 + k7[Na])[ECI] — ks[CI][E] — kg[ENaCI] = 0 (M-3)

(ks + kg + kig)[ENaCI] — ks[CI][ENa] — k;[Na][ECI] (M-4)
- kzo[ENacll] =0

(ka1[Na] + ka4)[ED] — ko2[ENaD] — ka3[D][E] = 0 (M-5)

(ka2 + kos)[ENaD] — ka1[Na][ED] — kas[D][ENa] = 0 (M-6)

(Ke[Na'] + Ku[CI'] + ks + kao[D'DIE'] — Kso[ENa'] M7)
— ki2[ECI'] — ky7[E] — kgo[ED'] = 0

(k1o + ka3[CI'] + kar[D'T)[ENa’] — ke[Na'][E’] (M-8)
— ky4[ENaCI'] — k3[ENaD’] = 0

(k12 + kis[NaD[ECI'] — ku[CI'][E'] — kig[ENaCI'T = 0 (M-9)

(k27[Na'] + kzo)[ED'] — kog[ENaD'] — kao[D'][E'] = O (M-10)

(kag + ks2)[ENaD'] — ka7[Na'][ED'] — ksy[D'][ENa’] = 0 (M-11)

[E] + [ENa] + [ECI] + [ENaCI] + [ED] + [ENaD] + [E'] (M-12)

+ [ENa'] + [ECI'] + [ENaCI'] + [ED'] + [ENaD'] = 1

See METHoODS (State diagram) for complete description of variables.
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