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Abstract 

The intestinal Na+/glucose cotransporter has recently been cloned and expressed in Xenopus oocytes, and kinetically 
characterised to produce a 6-state model of the transporter. We have analyzed this model using control analysis to determine 
the extent to which each rate constant and step in the mechanism limits the steady-state rates under various conditions. We 
show that control (rate limitation) is distributed among a number of rate constants and changes with the membrane potential 
and the concentrations of external and internal sodium and sugar. There is no single rate-limiting step but, with saturating 
concentrations of external sugar and sodium and negligible internal concentrations, the sugar and sodium fluxes are limited 
by sodium dissociation on the inside, translocation of the unloaded carrier to the outside and translocation of the fully loaded 
carrier to the inside. With more physiological external and internal concentrations there is a significant leak flux, which 
causes the cotransporter to act as a sugar uniporter, and entails that control over the sugar flux differs from control over the 
sodium flux. In these conditions control is widely distributed among many of the rate constants. The analysis shows that the 
concept of a rate-limiting step is not generally applicable to transporters. 

Krywords: Metabolic control analysis; Rate-limiting step; Glucose transport; Sodium transport 

1. Introduction 

One of the main aims of the kinetic analysis of 
enzyme and transport proteins is the identification of 
steps or factors within the protein which limit the 
steady-state rate. This is important for understanding 
the control, regulation, evolution and function of the 
protein, and potentially for the genetic engineering of 
the protein. The analysis of rate limitation within 
enzymes and transporters has in the past been di- 

’ Present address and corrcspondcncc to: Dcpartmcnt of Bio- 
chemistry, University of Cambridge, Tennis Court Road, Cam- 
bridge CB2 IQW, UK. 

rected towards the identification of a rate-limiting or 
rate-determining step, and has used methods de- 
signed to identify such a step [l-3]. However such 
an analysis makes the assumption that an enzyme or 
transporter will always have a single, unique, and 
fully rate-limiting step under all conditions, or at 
least under any particular condition. Recent work [4] 
has shown that this assumption does not hold true for 
all soluble enzymes. Several steps within an enzyme 
may be partially rate limiting, and the distribution of 
control (rate limitation) between these steps changes 
in many conditions. Thus we have advocated the 
quantitative analysis of the extent to which different 
steps or rate constants limit the steady-state rates of 
enzymes and transporters [4]. We and others have 
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provided a theoretical framework for such an analy- 
sis [4-61 derived from Metabolic Control Analysis. 
This analysis provides both a practical means of 
quantifying the extent of rate limitation and a way of 
relating this rate limitation to other enzyme parame- 
ters [7,8]. 

Na+/glucose cotransporters are located in the 
epithelia of the small intestine and kidney cortex, 
and are responsible for the absorption of glucose and 
other sugars into the body and excretion of glucose 
from the body, respectively. Control of these trans- 
porters is important not just for carbohydrate home- 
ostasis but also for the hydration state of the body, as 
the sodium flux via these transporters is significant 
in terms of the osmotic balance of the body. The 
Na+/glucose cotransporter of rabbit small intestine 
has been identified and the cDNA cloned and ex- 
pressed in Xenopus laecis oocytes (reviewed in [9]>. 
Recently the kinetics of this cloned cotransporter 
have been characterised in detail using electrophysio- 
logical techniques to measure steady-state and pre- 
steady-state currents as a function of external Na+ 
and sugar ( cY-methyl-D-glucopyranoside, (Y MDG) 
concentrations and membrane potential [lo]. These 
innovative studies have been used to produce a 
6-state kinetic model of the cotransporter, which 
reproduces all the kinetic properties measured exper- 
imentally; and a unique numerical solution was found 
for the 14 kinetic constants which accounted quanti- 
tatively for the experimental observations [ll]. This 
kinetic model was used to identify rate-limiting steps 
within the cotransporter. According to Parent et al. 
[ 1 I] the rate-limiting step for sugar transport in their 
model is a function of the membrane potential, and 
external sodium and sugar concentrations. And ac- 
cording to Wright [9] the model indicates that with 
physiological levels of these parameters the rate- 
limiting step is the recycling of the unloaded carrier 
across the membrane. 

each rate constant and step within the model of 
Parent et al. [ll] limits the steady-state rate of the 
cotransporter. Our aims are: (a) to elucidate rate 
limitation within the Na+/glucose cotransporter, (b) 
to determine whether transporters have rate-limiting 
steps, and (c) to demonstrate the power of control 
analysis in analysing rate limitation. 

2. Theoretical background 

Enzyme and transport reactions can be analyzed 
in terms of subreactions or steps between intermedi- 
ate states of the protein, and kinetically characterised 
in terms of rate constants for these transitions. The 
extent to which a particular rate constant (e.g. kj) 
limits the steady-state rate (11) of the enzyme/trans- 
porter can be quantified as a control coefficient 
defined as: 

’ ak, c 

This is just the percentage change in the steady-state 
rate divided by the percentage change in the rate 
constant causing that change, extrapolated to in- 
finitesimally small changes. This is closely approxi- 
mated by the percentage change in rate given by a 
1% change in the rate constant. In any one particular 
condition each kinetic constant has a unique control 
coefficient over the rate, and the sum of these coeffi- 
cients for all rate constants is always equal to 1. A 
high control coefficient means the rate constant lim- 
its the steady-state rate. A control coefficient close to 
zero means the rate constant does not limit the rate. 
Forward rate constants have positive control coeffi- 
cients, backward rate constants have negative control 
coefficients (i.e. increasing the rate constant de- 
creases the steady-state rate). 

However these conclusions from the experiments The control coefficient not only gives a consistent 
and model were reached within the assumption or and unambiguous definition of the extent of rate 
paradigm of a single rate-limiting step. And this limitation, but also is simply related to other enzyme 
rate-limiting step was probably identified by the parameters such as the rate constants, unidirectional 
usual procedure of determining the step within the rates and the thermodynamic disequilibrium of steps 
model with the lowest forward rate constant. How- [7,8]. If we have a kinetic model and rate constants 
ever this procedure is defective in identifying rate- of an enzyme/transporter we can calculate the con- 
limitation [4,5]. In this paper we have therefore used trol coefficients directly under any condition by dif- 
control analysis to determine the extent to which ferentiating the rate equation with respect to each 
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rate constant [4], as the control coefficient is the 
normalised partial differential of the rate with respect 
to the rate constant (see above). 

The rate limitation of a step (i.e. the backward 
and forward rate constants of a single transition) as 
opposed to a single rate constant can also be quanti- 
fied as a control coefficient of the step defined as the 
normalised differential of the steady-state rate with 

Fig. 1. Transport model devised by Parent et al. [ll] for the 
Na+/glucose cotransporter. The 6 states of the carrier are: (1) the 
unloaded carrier orientated to the outside of the cell [Cl,,, (2) the 
Na+ bound carrier orientated to the outside [cNA],, (3) the sugar 
and Na+ bound carrier orientated to the outside [CNaS],, (4) the 
sugar and Naf bound carrier orientated to the inside of the cell 
[CNaS],, (5) Na+ bound carrier orientated to the inside [CNa], 
and (6) unloaded carrier orientated to the inside [Cl,. The number 
in boxes refer to the number of the state. These states are 
interconverted by 7 transitions, characterised by 14 rate constants 
labellcd using the numbers and order of the states involved in the 
transition. The sugar transport occurs only in the presence of two 
sodium ions that bind first to the empty carrier. Transitions 
between states 1 and 2, and between states 1 and 6 are voltage 
dependent, and the rates are described by voltage-independent rate 
constants k,Z, k,,, k,,, and k,, raised to the power of a 
voltage-dependent factor. p is the electrochemical potential 
FV/RT. The constants 0.3 and 0.7 appearing in the exponentials 
are phenomenological constants that describe the fraction of the 
electrical field sensed by external sodium binding and by empty 
carrier translocation, respectively. The potential and ligand con- 
centration independent rate constants are: k,2 HO000 SC’ mol-‘, 
k2, 500 SC’, k,, 10’s_’ mol-‘, k12 20 s-‘, k,, 50 SC’, k,, SO 
SC’, k,, 800 SC’, k,, 4x10’ SK’ mol-‘, k,, 10 Sol, k,, 50 
C’ mol-‘, k,, 5 SC’, k,, 35 s-‘, k25 0.3 s-’ and ks2 0.3 s-‘, 
Adapted from [II]. 

respect to the two rate constants changed in propor- 
tion. This is approximated by the percentage change 
in rate for a 1% change in the rate constants. This 
coefficient is equal to the sum of the coefficients of 
the forward and backward rate constants for the step, 
and is always positive and between 0 (no control) 
and 1 (completely rate limiting) for an unbranched 
enzyme mechanism. 

The control coefficients quantify the extent to 
which the rate will change when one or more rate 
constants is changed. But control coefficients do not 
by themselves predict how the rate will change in 
response to some effector of the protein. This re- 
sponse also depends on the sensitivity (‘elasticity’) 
of the rate constants to the effector. The total re- 
sponse coefficient of the enzyme to the effector is 
the sum of the individual responses of the rates at 
each step, which in turn are the product of the 
control coefficient of each rate constant and its elas- 
ticity to the effector [4,7]. 

Some effecters (e.g. inhibitors and activators) can 
not change a single rate constant alone, because this 
would violate the principle of microscopic reversibil- 
ity expressed in the Haldane relation [4,7]. This is 
not a constraint on the control coefficients but rather 
on the elasticities of an enzyme/transporter to effec- 
tors. However, when using control coefficients to 
predict rate changes and to understand rate limita- 
tion, it is important to consider how the change in 
rate constant (or rate constants) might be brought 
about and what other rate constants are likely to 
change. Otherwise the coefficients may be erro- 
neously used to make unrealisable predictions. The 
control coefficients of rate constants should not be 
considered in isolation, but rather as elements within 
the response coefficient (see [4,7]). 

3. The cotransporter model and its analysis 

The kinetic model of the Na’/glucose cotrans- 
porter produced by Parent et al. [ll] consists of 6 
states (see Fig. 1) - (I) the unloaded carrier orien- 
tated to the outside of the cell, (2) the Na’ bound 
carrier orientated to the outside, (3) the sugar and 
Na+ bound carrier orientated to the outside, (4) the 
sugar and Naf bound carrier orientated to the inside 
of the cell, (5) Na+ bound carrier orientated to the 
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inside, and (6) unloaded carrier orientated to the 
inside. The rate constants were estimated with CY- 
methyl-D-glucopyranoside ((Y MDG) as the trans- 
ported sugar, and the number of sodium atoms trans- 
ported per cycle was assumed to be 2. The 6 states 
operate sequentially in a single cycle to effect sugar 
and sodium cotransport. There is also a seventh 
transition between states (2) and (5) which effects a 
leak flux (or ‘slippage’ according to the bioenergetic 
terminology, see [15]>. These 7 transitions are char- 
acterised by 14 rate constants estimated by Parent et 
al. [ 1 l] and given in the legend to Fig. 1. There are 3 
steady-state rates for the model cotransporter of Fig. 
1: the sugar flux (equal to the net rate between states 
3 and 4), the leak flux (equal to the net rate between 
states 2 and 51, and the sodium flux (equal to the net 
rate between states 6 and 1). The sodium flux is 
always equal to the sum of the sugar flux and the 
leak flux. In many conditions the leak flux (‘slip- 
page’) is negligible and thus the sugar flux equals 
the sodium flux. 

We calculated the control coefficients of each rate 
constant of the cotransporter model over the steady- 
state rates of sugar and sodium transport for a range 
of concentrations of sodium and sugar and values of 
the membrane potential. We calculated the control 
coefficients by taking the rate equation and rate 
constants from Parent et al. [ll], and differentiating 
the rate equation with respect to each rate constant, 
and multiplying the partial differential by the rate 
constant divided by the rate (as in the definition of 
the control coefficient given above). The steady-state 
rate of any one of the 3 fluxes is given by the 
forward unidirectional rate minus the backward uni- 
directional rate of any one step of a particular flux 
pathway. And the unidirectional rate of a step be- 
tween two enzyme intermediate states is given by the 
concentration of the intermediate state multiplied by 
the rate constant. Expressions for the concentration 
of intermediate states in terms of all the rate con- 
stants are obtained by the King-Altman method as 
described in [ 111. These expressions consist of a ratio 
of two sums of terms, and these terms are either zero 
order or first order with respect to any particular rate 
constant. Thus the two sums are easily differentiated 
with respect to these rate constants, and from this the 
differential of the ratio of the sums can be found. In 
practice this was done by writing a BASIC computer 

programme which calculated the sum in any particu- 
lar condition, then subtracted from this the same 
expression evaluated with a particular rate constant 
set to zero (i.e. the zero order terms were subtracted 
off), and then the residue was divided by the rate 
constant to give the differential with respect to that 
rate constant. The differential of the rate equation for 
a particular flux could then be calculated. 

A number of control coefficient values were also 
evaluated by SCAMP, a metabolic control analysis 
programme [12]. This programme takes the model 
and evaluates the control coefficients by numerical 
methods and thus gives entirely, separate and inde- 
pendent evaluations of the coefficients. Where coef- 
ficients were evaluated by both methods they gave 
identical results. 

4. Results 

In Figs. 2-4 and 6 we have plotted the control 
coefficients of the individual rate constants or steps 
of the cotransporter model over the sodium or sugar 
flux calculated for particular values of the membrane 
potential and the external and internal sugar and 
sodium concentrations. In Fig. 2 the control coeffi- 
cients over the sugar flux were calculated as a 
function of the membrane potential with saturating 
levels of external sugar and sodium, and negligible 
levels of internal sugar and sodium. Control over 
sodium flux and control over sugar flux are similar 
(but not identical) under the conditions of Fig. 2 
because the leak flux (slippage) is relatively small. 
The figure shows that under these conditions control 
(rate limitation) is shared between a number of rate 
constants, and the distribution of control varies with 
the membrane potential in the range + 50 to - 150 
mV. No one rate constant is uniquely rate limiting at 
any membrane potential over this range, but the 
dominant rate constants are those of unloaded carrier 
return (k,, ) over the range + 50 to - 50 mV, and 
internal sodium dissociation (k,,) over the range 
- 50 to - 150 mV. This agrees qualitatively with the 
conclusions of Parent et al. [ll] who stated that their 
model showed that k,, was rate limiting in these 
conditions at membrane potentials more positive than 
-43 mV and k,, was rate limiting at potentials 
more negative than -43 mV. 
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Fig. 2. Control coefficients of individual rate constants over sugar 
flux as a function of membrane potential with saturating concen- 
trations of external sodium and sugar and negligible internal 
concentrations. The following concentrations were used to calcu- 
late the coefficients: external sodium = 100 M, external sugar = 1 
M, internal sodium = 1 mM, and internal sugar = 1 mM. Internal 
concentrations were not set at zero as this would require division 
by zero in evaluating the coefficients. Howcvcr, reducing the 
internal concentrations by orders of magnitude had no effect on 
the coefficients values, i.e. the internal concentrations were negli- 
gtblc. 

However, even with 100 M external sodium the 
rate constant for external sodium binding (k,,) be- 
comes limiting at positive membrane potentials, due 
to an effect of membrane potential on external sodium 
binding. With a more physiological level of external 
sodium (about 100 mM) k,, becomes partially rate 
limiting at potentials more positive than - 100 mV, 
and k,, has less control. And at sodium concentra- 
tions below 10 mM k,, becomes almost exclusively 
rate limiting in these conditions. This agrees with the 
conclusions of Parent et al. [ll]. Control over sugar 
flux and over sodium flux are similar in these condi- 
tions because the leak flux is relatively small. 

Control by the enzyme steps is just given by the 
sum of the control coefficients of the backward and 
forward rate constants of that step. Thus in the 
conditions of Fig. 2 it is easily seen that the transi- 
tion between states 3 and 4 (step 3/4) and step 5/6 

have most of the control at the more negative mem- 
brane potentials, while step 5/6 has most of the 
control at potentials around zero, but looses control 
to step l/2 at more positive potentials. 

If the external sugar concentration is varied with 
saturating sodium concentrations and a membrane 
potential of -50 mV, the control coefficient of the 
rate constant of external sugar association (k,,) does 
not become significant until the sugar concentration 
falls below 1 mM, due to the high affinity of the 
cotransporter for sugar (not shown). The control 
coefficients of external sugar dissociation (k,2) and 
internal translocation of the fully loaded transporter 
(k,,) are also significant at low external sugar con- 
centrations. However, if control over sodium flux 
rather than sugar flux is calculated in the same 
conditions, then as before the control coefficient of 
external sugar association starts to rise significantly 
below 1 mM external sugar, but below 10 pM it 
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Fig. 3. Control coefficients of individual rate constants over sugar 
flux as a function of the external sugar concentration with ‘physi- 
ological’ concentrations of sodium and sugar. The following 
concentrations and potentials were used to calculate the coeffi- 
cients: cxtcrnal sodium = 0.1 M, internal sodium = 10 mM, inter- 
nal sugar = 10 mM, and membrane potential = ~ SO mV. 
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Fig. 4. Control coefficients of enzyme steps over sugar flux as a 
function of the external sugar concentration with ‘physiological’ 
concentrations of sodium and sugar. The following concentrations 
and potentials were used to calculate the coefficients: external 
sodium = 0.1 M, internal sodium = 10 mM, internal sugar = 10 
mM, and membrane potential = -50 mV. The labels of the 
curves refer to the steps rather that the rate constants. 

falls off again as the control coefficient of the leak 
(kzs) starts to rise. This is due to the leak flux 
becoming significant at limiting sugar concentra- 
tions. 

In Fig. 3 the concentrations and potential are set 
at more ‘physiological’ levels that might be found 
for glucose in vivo, and are used to calculate the 
control coefficients over sugar flux. External sodium 
is set at 100 mM, internal sodium at 10 mM, internal 
sugar at 10 mM, membrane potential at -50 mV, 
and the control coefficients of individual rate con- 
stants are plotted as a function of external sugar 
concentration, which physiologically might be 10 
mM or higher (for glucose) after a meal and lower 
between meals. The figure shows that control is 
widely distributed, and changes rather dramatically 
at external sugar concentrations between 0.1 and 100 
mM. This is because the sugar flux changes direction 
over this range, due to the presence of a significant 

leak flux. In Fig. 4 we have plotted the control 
coefficients of the 7 transporter steps rather than the 
individual rate constants in exactly the same condi- 
tions as Fig. 6. We can see than rate limitation is 
confined to the internal sodium association/dissocia- 
tion step and the leak step. 

In Fig. 5 we have plotted the sugar flux, leak flux 
and sodium flux predicted by the model as a function 
of the external sodium concentration in the same 
(‘physiological’) conditions as Fig. 3. At high exter- 
nal sugar concentrations there is a coupled sugar 
influx and a very small uncoupled sugar influx (that 
is a sugar leak due to cycling between states 2, 3, 4 
and 5). As the external sugar concentration is low- 
ered the leak flux reverses, but there is still net sugar 
influx. However at still lower external sugar concen- 
trations the transporter mediates uncoupled sugar 
efflux (via the cycling of states 2, 5, 4 and 3). Figs. 3 
and 4 show that at possible physiological concentra- 
tion of external sugar that might be encountered after 
a meal (between 1 and 50 mM) control over the 
sugar flux is shared between a large number of rate 
constants and is very sensitive to the external sugar 
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Fig. 5. The sugar, sodium and leak fluxes as a function of external 
sugar concentration with ‘physiological’ concentrations. The fol- 
lowing concentrations and potentials were used to calculate the 
fluxes: external sodium = 0.1 M, internal sodium = 10 mM, inter- 
nal sugar = 10 mM, and membrane potential = - 50 mV. 
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Fig. 6. Control coefficients of individual rate constants over 
sodium flux as a function of the external sugar concentration with 
‘physiological’ concentrations of sodium and sugar. The following 
concentrations and potentials were used to calculate the coeffi- 
cients: external sodium = 0.1 M, internal sodium = 10 mM, inter- 
nal sugar = 10 mM, and membrane potential = ~ 50 mV. 

concentration. The control coefficients of many of 
the rate constants and some of the steps approach 
positive and negative infinity as the sugar flux ap- 
proaches zero. This is because a finite fractional 
change in these rate constants can cause an infinite 
fractional change in the rate when the rate is zero. 

In Fig. 6 we have plotted the control coefficients 
of individual rate constants over the sodium flux 
(rather than sugar flux) in the ‘physiological’ condi- 
tions of Fig. 3. We can see that control over the 
sodium flux does not change so dramatically as for 
the sugar flux (Fig. 3). This is due to the fact that the 
sodium flux does not change greatly as the external 
sugar concentration is varied (Fig. 5). 

5. Discussion 

These findings for physiological type conditions 
differ from the conclusions of Wright [9]. Wright [9] 
concluded that “at physiological voltages and con- 
centrations the rate-limiting step is the recycling of 

the unloaded carrier” (i.e. k,,). In fact we find that 
k,, has no significant control at anything approach- 
ing ‘physiological’ voltages and concentrations. It is 
unclear what a physiological concentration of sugar 
is, since the model rate constants were estimated 
from experiments with rr MDG which is not a physi- 
ological sugar. However it has been determined in 
the same experimental system that the V,,, and 
external K, are similar for glucose, galactose and 
aMDG [9,13,14]. Thus we conclude that the distri- 
bution of control in physiological conditions as a 
function of the concentration of external D-glucose 
should look similar to Figs. 3 and 6. However we 
can not be certain that some of the rate constants 
with D-glucose are not radically different from those 
with aMDG, leading to a different control distribu- 
tion. 

Parent et al. [ll] stated that the leak flux (‘slip- 
page’) was insignificant in their model of the co- 
transporter. However they examined the predictions 
of their model principally in conditions of saturating 
concentrations of external sodium and sugar and zero 
internal concentrations of sodium and sugar. As we 
can see from Figs. 4 and 5 with saturating external 
sugar concentrations the leak flux (slippage) is in- 
deed insignificant, but at lower external sugar con- 
centrations (and perhaps more physiological condi- 
tions) the leak (slip) becomes very important for the 
control distribution, the rate and the direction of 
fluxes. The leak allows the cotransporter to also act 
as a sodium or sugar uniporter in particular condi- 
tions, and this might be significant for its physiologi- 
cal function. In fact the leak makes the sugar flux of 
the transporter much more sensitive to changes in 
rate constants and to the external sugar concentration 
over the possible physiological range than it would 
be in the absence of the leak. This might be a 
functional advantage for regulation of the trans- 
porter, as has been argued for leaks and slips in other 
transport proteins (see [15] and references therein). 

In the review of Wright [9] the rate constants of 
the cotransporter are reported as being slightly dif- 
ferent from those reported in Parent et al. 1111 and 
this presumably reflects more recent work by this 
group on the kinetics of the cotransporter [16,17]. 
The effect of these slight adjustments of the rate 
constants is to make the leak flux even more signifi- 
cant. 
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Because sodium dissociation on the inside (k56) 
has a high control coefficient over the fluxes in 
many conditions while sodium association (k,,) has 
no control, it is possible for an effector or other 
change to alter the fluxes by affecting this step alone. 
Thus this step might be an important physiological 
target for regulation by effecters internal to the cell. 
Physiological regulators of the transporter are not 
known at present, but it is suspected that the trans- 
porter may be phosphorylated on the inner side 
[9,18], and this could potentially affect sodium bind- 
ing. 

The fact that a rate constant has significant con- 
trol over the steady-state rate of an isolated trans- 
porter or enzyme does not mean that step has signifi- 
cant control in vivo. This is partly because the 
substrate and product concentrations, which are fixed 
parameters in vitro, are variables in vivo determined 
by the kinetics of all the enzymes/transporters pro- 
ducing or consuming them. Thus the control coeffi- 
cient of the whole Na+/glucose cotransporter over 
the glucose and sodium fluxes via the transporter in 
vivo is not necessarily 1. Rather it will depend on the 
relative sensitivities (elasticities) of the cotransporter 
and other transporters of glucose and sodium to 
changes in the intracellular level of glucose and 
sodium [19]. The control coefficient of a rate con- 
stant over a pathway flux is equal to the control 
coefficient of the rate constant over the isolated 
enzyme rate multiplied by the control coefficient of 
the whole enzyme over the pathway rate in the same 
conditions [4]. 

The control analysis of the Na+/glucose cotrans- 
porter has shown that control over the fluxes (rate 
limitation) is distributed among a number of particu- 
lar rate constants, and that distribution of control 
changes in different conditions. In any one particular 
condition there may be one rate constant that has 
most of the control, but only in relatively rare condi- 
tions is all the control exclusively located in a single 
rate constant or step. Similar conclusions were 
reached from the control analysis of a number of 
soluble enzymes [4], and from more conventional 
methods of analysis of the Ca*+-ATPase [2] and of a 
number of p-lactamases [20]. Thus the general as- 
sumption that a transporter or enzyme will have a 
rate-limiting or rate-determining step is incorrect, 
and efforts to identify such a step are misconceived. 

Control analysis provides an powerful alternative 
means of analysing rate limitation within proteins 
which does not assume the presence or absence of a 
rate-limiting step [4-S]. 

We have analyzed the cotransporter only in terms 
of limitation of the steady-state rates by the rate 
constants. Control analysis also provides a frame- 
work for analysing the control over the sensitivity to 
effecters, K,, K,/V,,,, and the levels of interme- 
diate states of the enzyme/transporter, by levels of 
substrate, product, membrane potential and other 
effecters, as well as by the rate constants and steps 
]41. 

Acknowledgements 

My thanks to Chris Cooper for many helpful 
comments on this work. Also thanks to Herbert 
Sauro and David Fell for showing me the SCAMP 
programme. This work was supported by the Royal 
Society (London). 

References 

[II 
[21 

[31 

[41 

[51 
[61 

[71 

ml 

[91 
1101 

[ill 

[=I 
[131 

[141 

[151 

D.H. Northrop, Biochemistry, 20 (1981) 4056-4061. 
D.H. Haynes and A. Mandveno, Physiol. Rev., 67 (1987) 
244-284. 
W.W. Cleland, in D.S. Sigman and P.D. Boyer (Editors), 
The Enzymes, Academic Press, New York, 1990, pp. 99-158. 
G.C. Brown and C.E. Cooper, Biochem. J., 294 (1993) 
87-94. 
W.J. Ray, Biochemistry, 22 (1983) 4625-4637. 
B.N. Kholodenko and H.V. Westerhoff, Biophys. Biochim. 
Acta, 1208 (1994) 294-305. 
G.C. Brown and C.E. Cooper, Biochem. J., 300 (1994) 
159-164. 
B.N. Kholodenko, H.V. Westerhoff and G.C. Brown, FEBS 
Lett., 349 (1994) 131-134. 
E.M. Wright, Ann. Rev. Physiol., 55 (1993) 575-589. 
L. Parent, S. Supplisson, D.D.F. Loo and E.M. Wright, J. 
Membr. Biol., 125 (1992) 49-62. 
L. Parent, S. Supplisson, D.D.F. Loo and E.M. Wright, J. 
Membr. Biol., 125 (1992) 63-79. 
H.M. Sauro, CAMBIOS, 9 (1993) 441-450. 
T.S. Ikeda, E.-S. Twang, M.J. Coady, B.A. Hirayama, M. 
Hediger and E.M. Wright, J. Membr. Biol., 110 (1989) 
87-95. 
J.A. Umbach, M.J. Coady and E.M. Wright, Biophys. J., 57 
(1990) 1217-1224. 
G.C. Brown, FASEB J., 6 (1992) 2961-2965. 



G.C. Brown/Biophysical Chemists 54 (1995) 181-189 189 

[16] D.D.F. Loo, A. Hazama, S. Supplisson, E. Turk and E.M. 
Wright, _I. Gen. Physiol., 100 (1992) 1Ya. 

[17] E.M. Wright, D.D.F. Loo. M. Panayotova-Heicrmann and 
K.J. Boorer, Biochem. Sot. Trans., 22 (1994) 646-650. 

[18] P.J. Kennelly and E.G. Krebs, .I. Biol. Chem., 266 (1991) 
15555-15558. 

[lY] G.C. Brown, R.P. Hafncr and M.D. Brand, Eur. J. Biochem., 
188 (1990) 321-325. 

[20] H. Christensen, M.T. Martin and S.G. Waley, Biochem. J., 
266 (1990) 853-861, 


