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Summary .  Ion : solute cot ranspor ters  f requency are incapable of  
achieving equilibrium between the solute accumulat ion and the 
t r ansmembrane  difference of the electrochemical potential of  the 
ion. The presence of  uncoupled flows of ion and solutes (leaks) is 
often advanced  as an explanation.  Here an alternative is dis- 
cussed.  The net accumulat ion of  solute may be so slow that 
equilibrium can never  be attained at finite t imes (e.g., several 
hours).  Cot ranspor ters  may  exhibit  s trong product  inhibition, 
and the net influx of  solute approaches  zero far from equilibrium. 
The inherent  s lowness  of  net  t ransport  under  these conditions is 
termed catalytic inefficiency. The likelihood that galactoside : H + 
cotranspor t  in Escherichia coli, hexose  : H + cotransport  in Chlo- 
rella vulgaris, and D-glucose:  Na + cotransport  in brush-border  
membranes  exhibit  catalytic inefficiency is examined.  The exis- 
tence of strong product  inhibition complicates the determination 
of the s toichiometry of cotransport  and the characterization of 
chemically modified or mutan t  cotransporters .  

K e y  W o r d s  c o t r a n s p o r t  �9 a c c u m u l a t i o n  . nonequilibrium 
state . leaks . product  inhibition 

Introduction 

The active transport  of many nutrients is mediated 
by ion: solute cotransport  (Mitchell, 1973; Crane, 
1977). The driving free energy for the accumulation 
is provided by the action of primary ion pumps, 
which create t ransmembrane differences of the 
electrochemical potential of ions 

A/2ioN = F -  A~b - R T  I n -  
[ION'] 
[ION"] 

(1) 

where F i s  96,490 A .  sec �9 mol -j,  A~b is the electri- 
cal potential difference, R is 8.314 J �9 mol -~ �9 K -~, T 
is the absolute temperature,  and lION] is the con- 
centration of a given ion in the outer (') or inner (") 
compartment.  In their simplest form, cotransport- 
ers can be viewed as membrane proteins with bind- 
ing sites for solute and ions, and having access to 
two major conformation states in which these bind- 

ing sites can be exposed to two compartments 
(Fig. 1). 

The goal of kinetic and thermodynamic investi- 
gations of cotransport  is to explain two types of 
behavior: First, under certain conditions tight cou- 
pling of ion and solute fluxes can be demonstrated. 
The accumulation of  solute comes into equilibrium 
with the driving free energy, for example A~H, in 
the case of a H + : solute cotransporter ,  according to 

[S"] 
[S'] - exp(--nH+At2H'/RT) = exp(AIxs/RT) (2) 

where nil+ is the stoichiometry of cotransport ,  cor- 
responding to the number of binding sites for the 
transported ions, and 2~tZs is the t ransmembrane dif- 
ference in the chemical potential of the solute. 
Thus, according to Eq. (2), the accumulation ratio 
of solute due to H+:so lu te  cotransport  depends 
only on the driving free energy A/2H+ and the stoichi- 
ometry,  but not upon the number of cotransporters 
in the membrane,  the turnover number of the co- 
t r a n s p o r t e r  kcat, or the external concentration of 
solute [S']. 

Second, the accumulation of solute in the ap- 
parent steady state is frequently observed to be 
lower than that predicted by Eq. (2) and to follow 
the relation 

[s"] [Sm.x] 
[S'] [S'] + K ..... 

(3) 

(cf. Rickenberg et al., 1956), where Sm~• is the maxi- 
mal concentrat ion of solute attainable internally and 
K,, is a half-saturation constant usually similar to 
the half-saturation constant for active transport Kr. 
For example,  at an external concentration of I mM, 
galactoside accumulation in E. coli can be as low as 
5% of the prediction of Eq. (2) for nH~ = 1 (Ahmed 



2 J.K. Wright: Catalytic Inefficiency of Cotransporl 

O U T  

S' K~ ~_~ 

K; 
H+, ,~_ 

M E M B R A N E  

k~ 
CHS' . ' CHS" 

k~ 
CS . . . . . . . .  

k~ 
§ § 

k~ 
CH' ~ ..... ~ CH"  

k~ 

k# 

SJ,~. . . . . . . . . . . . . . . . . . . . . . . . . . . .  p,S ,~j 
P~ 

IN 

Ks" 
~-- S"  

K~ H § 

Fig. 1. Transmembrane fluxes of H + and a neutral solute S. 
Strictly coupled fluxes are mediated by an ion:solute cotran- 
sporter C following the paths indicated by solid arrows. Here 
random binding of the cosubstrates is assumed. Inner leaks (qf. 
Eddy, 1978) occur if the cotransporter mediates the movement of 
H + or S alone (dotted arrows kH and ks). The passive diffusion of 
the solute (dotted arrow Ps) represents an outer leak and is not 
mediated by a transporter 

& Booth, 1981; Wright, 1986b). Thus, a complete 
elucidation of the mechanism of secondary active 
transport requires understanding the behavior de- 
scribed by Eqs. (2) and (3). Furthermore,  the phe- 
notypes of cells carrying mutant cotransporters and 
the accumulation of  solute via chemically modified 
cotransporters are frequently tested under condi- 
tions where Eq. (3) and not Eq. (2) obtains. Thus, 
understanding how the behavior described by Eq. 
(3) arises is necessary to interpret such experiments 
correctly (of. Neuhaus & Wright, 1983; Wright & 
Seckler, 1985). The presence of uncoupled flows of 
ion or solute across the membrane (dashed lines in 
Fig, 1) is usually advanced as an explanation for low 
accumulation (of. Eddy,  1978). However ,  there is 
an unattractive feature of  such explanations for low 
accumulations, in the steady state, characterized 
by d[S"]/dt = 0, there is a constant dissipation of 
A/2~ON because d[H+"]/dt is not zero, and energy is 
wasted. 

The purpose of this investigation is (i) to pro- 
pose an explanation for low accumulations not rely- 
ing on the uncoupled flows of cosubstrates but 
rather based upon the innate slowness (i.e., cata- 
lytic inefficiency) of the net transport of solute un- 
der some conditions, (ii) to demonstrate that this 
behavior leads to a relation similar to Eq. (3), (iii) to 
illustrate this with experimental data obtained for 
H+ :galactoside cotransport  in E. coli, and (iv) to 

suggest that catalytic inefficiency may be a wide- 
spread feature of cotransport.  The presence of cata- 
lytic inefficiency during ion:so lu te  cotransport  
could preclude ready estimates of stoichiometry 
and of the tightness of flux coupling from measure- 
ments of  solute accumulation in the apparent steady 
state as well as an unambiguous interpretation of 
the phenotypes of mutants. 

Results 

THE NEED FOR AN ALTERNATIVE TO LEAKS 

The galactoside : H + cotransporter  of  E. coli, prod- 
uct of  the l a cY  gene, can catalyze the accumulation 
of sugar up to levels several thousandfold above 
that in the external medium. Under many, but not 
all conditions, the stoichiometry of cotransport  is 
near unity (e.g., West, 1970). Several observations 
suggest, however,  that galactoside : H + cotransport 
is not always properly described by the thermody- 
namic statement of Eq. (2). First, the accumulation 
ratio decreases as the external concentration of ga- 
lactoside [S'] increases (e.g., Rickenberg et al., 
1956). In the case of  lactose (Ahmed & Booth, 
1981) and /3-D-galactosyl 1-/3-D-thiogalactoside 
(GalSGal9 (Wright, 1986b), a decrease in A/~,~ at 
higher galactoside concentrat ions could be elimi- 
nated as an explanation for this behavior. Second, 
the accumulation depends on the number of cotran- 
spotters in the membrane (Maloney & Wilson, 
1973; Teather  et al., 1980). Third, the accumulation 
depends on the turnover  number kcat for cotransport  
(Wright& Seckler, 1985). Fourth, the accumulation 
sometimes depends not simply on the magnitude 
but on the composition of A/2H+ (Ahmed & Booth, 
1981). 

An additional postulate could explain these ob- 
servations. The fluxes of  ion and solute across the 
membrane may not be strictly coupled (Eddy, 
I978). Three leak pathways are represented by 
dashed lines in Fig. 1. One possibility is that the 
solute diffuses passively out of the cell (Ps). Rick- 
enberg et al. (1956) interpreted the variation of the 
internal level of galactoside in the apparent steady 
state with the external concentrat ion as the balance 
of saturable influx and nonsaturable efflux 

CT" koat" [S'] 
[S'] + KT 

= Ps �9 [S"] (4) 

] GalSGah/3-b-galactosyl 1-thio-/~-D-galactoside. 
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yielding 

CT" kcal 
[ s ~ ]  - -  (5) 

Ps 

where Cr is the level of cotransporter and kcat the 
turnover number for active transport. For E. coli 
strain ML308-225 with 0.2 nmol galactoside : H + co- 
transporter/mg membrane protein, Cr amounts to 6 
pmolhxl cytoplasm. 

Two observations suggest this interpretation is 
incorrect. First, for hydrophilic disaccharides like 
lactose (Booth & Hamilton, 1980) or GalSGal 
(Wright et al., 1985; Wright, 1986b), the passive 
permeability of the membrane for these sugars is 
too small by a factor of 40 to explain the magnitude 
of the deviation from Eq. (2). Second, the left-hand 
side of Eq. (4) is inappropriate for an ion:solute  
cotransporter. The proper expression for the net 
flow of solute through the cotransporter is 

d[S"] + ' ' - k ~ . a f l k , , )  Cr(k~, a fi ko " " + 
dt (1 + a '  + /3 '  + a'fi')(kTa"fi" + k2) 

It t! § ! ! § +(1  + a" + /T' + c~ /3 )(k,. a /3 +ko)  

(6a) 

where c~ = [S]/Ks and/3 = [H§ The equation 
can be written for later use as 

d[S"] Cr(Bla" + B2) 
dt Ala" + A2 

Equation (6) explicitly recognizes that the influx of 
galactoside depends not only on [S'] but also on 
[H +'] and IS"]. Even if the outer leak Ps is the major 
pathway for galactoside efflux, the internal concen- 
tration of galactoside is not given by an equation of 
the form of Eq. (3), but rather by 

CT " B2 
A!(off ')  2 + A2o~ . . . .  0. 

Ps " K'~ 

IfA~ were small, Eq. (7) could be simplified to the 
form of Eq. (3). A condition leading to a small value 
of Ai would be ko >> k7 [H+"]/K~. This condition is 
not fulfilled in the case of the galactoside : H + co- 
transporter as substitution of the appropriate values 
discloses. Therefore, both quantitative and theoret- 
ical considerations suggest that the efflux of galac- 
toside by passive diffusion cannot explain the up- 
take described by Eq. (3). 

A second possibility is that the cotransporter 
can also catalyze the movement of H § or solute 
alone. This is called inner leak or slip and is repre- 
sented by the dashed lines and the rate constants kn 

and ks in Fig. 1. In this case, the accumulation of 
solute attains a nonequitibrium steady state (i.e., 
d[S']/dt = 0; d[H+"]/dt :~ 0) also, given by 

IS"] KI~ k~/?' + k, + k; + k~/3" 
(8) 

[S'] K) k~./3" + k~: k, + + k~/3'" 

Inspection of Eq. (8) reveals that inner leaks cannot 
explain low accumulations of galactosides for two 
reasons. The accumulation is not a function of ei- 
ther the level of cotransporter Cr or the external 
concentration of galactoside [S'], as experimentally 
observed. 

The thermodynamic efficiency of a cotranspor- 
ter can be quantitatively defined as 

RT In ([S"]/[S']) 
Er = lim (9) 

where the accumulation ratio is that measured at 
infinite time. Er  is unity when solute and ion fluxes 
are strictly coupled. In the following section, an 
explanation for low accumulation of solute in the 
absence of leaks (Er = 1) is advanced. 

SLOW RATES OF NET TRANSPORT MIMIC THE 
EFFECTS OF LEAKS 

The kinetic mechanism of the accumulation of 
(6b) GaISGal by the galactos ide:H + cotransporter is 

known (Overath & Wright, 1983; Wright 1986b). In 
the absence of 2~/2H+ the cotransporter behaves like 
a classical symmetrical carrier: 

k + -~ k7 ~ k, +, ~ ko ~ 30 sec -1, K) = K} = 78/XM; 

Kh = Ki~ = 50 pM. 

The imposition of A/2H+, changes k +, k, +, and ko; the 
imposition of ApH causes redistributions of the co- 

(7) transporters by mass action. Therefore, the time 
course of GalSGal active transport can be calcu- 
lated by integrating Eq. (6), yielding 

AiB_._~l oil'(l)+ AzB~ B~- A~B2 In \.(Bl~ + B2) _ C~. t 

(lO) 

where o~"(t) is the value of [S"]/K~ at time t. The 
value of [S"] in the limit of infinite time for Eq. (10) 
is always that predicted by Eq. (2) because Eq. (10) 
was derived for Ps = k +s = k~ = kfi = k~ = 0 (i.e., no 
leaks). 

The time courses of GalSGal uptake at several 
constant external concentrations between [S'] = 
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Pig. 2. Slow approach to equilibrium by a strictly coupled 
ion : so lu t e  cotransporter .  The time course  of the accumulat ion 
of  galactoside is calculated for various cons tant  external  concen- 
trations of  galactoside (a '  = [S']/K's = 0.001 to 10, curves  identi- 
fied on the right; note expanded  scale for a '  = 0.001). In the 
absence  of  A/2H+, k + = kc = k,~ = k,, = 30 sec J; K} = K} = 78 
/xM; K~: = K~ = 3 nM (i.e., pKH = 8.5; lowest of  available 
es t imates  of  the pK of  the cotranspor ted H + by Bentaboulet  and 
Kepes  (1981)). For  E. coli ML308-225, Cr amounts  to 0.006 
nmol/tzt cytoplasm.  A value o f  Aft.H+ is imposed (Ark = -118  mV,  
ApH = I) leading to a 1000-fold accumulat ion of  galactoside in 
the limit of  infinite time. Curves  are calculated using values of  kg 
= 300 sec -~ and k + = 3 sec -~ to reflect the effect of  the imposed 
Aqj; ApH evokes  active t ransport  by mass  action, and no rate or 
dissociation cons tan ts  are altered (Overath & Wright, 1983; 
Wright et al., 1985; Wright et al., 1986). At  finite times, the 
accumulat ion ofga lac tos ide  lies below the equilibrium value (Eq. 
(2)). Note that in spite of  a 104-fold variation in the external 
concentrat ion of  solute, the internal level varies only by a factor 
of  40 a t 5  • 104sec 

0.078/ZM (a'  = 0.001) and 780 ~ZM are computed for 
Ark = -118 mV and ApH = 1, corresponding to a 
1000-fold accumulation at equilibrium (Fig. 2). 

At a low external concentration, [S'] = K~/1000 
(a' = 0.001, dashed line in Fig. 2; note expanded 
scale), the accumulation of GalSGal comes into 
equilibrium with A/2H+ ([S"] = 1000 x IS'I; a" = 1). 
However, as the external concentration of GalSGal 
increases, progressively longer times are required 
to reach the equilibrium of Eq. (2). For example, 
when [S'] = K} (a' = 1), the value of IS"] at equilib- 
rium is 1000 x S' (o2' = 1000). After 105 sec (about 
28 hr), the internal concentration of GatSGal is cal- 
culated to have attained only 4% of the equilibrium 
value. Importantly, similar curves are obtained if 
the parameters are varied over wide ranges. There- 
fore, the behavior observed in Fig. 2 can be a gen- 
eral property of cotransporters of similar design (cf. 
discussion in Wright et al., 1985; Wright, Seckler & 
Overath, 1986). Thus, although the fluxes of ion and 
solute are strictly coupled, the slowness of net 
transport (i.e., influx minus efflux) leads to submax- 
imal accumulations at finite times and mimics the 

effects of leaks. The following analysis demon- 
strates that strong product inhibition, termed cata- 
lytic inefficiency, during cotransport is responsible 
for low accumulations. 

B E H A V I O R  OF C O T R A N S P O R T E R S  F A R  

FROM E Q U I L I B R I U M  

Inspection of the calculated internal levels of solute 
at a given time such as 5 • 104 sec in Fig. 2 reveals 
two points (cf. Eq. (3)). First, the internal level ap- 
pears to approach a maximum with increasing ex- 
ternal concentrations of galactoside (e.g., note how 
the curves converge with increasing a '  at 5 x 104 

sec). Second, this effect is more pronounced as the 
external concentration rises above K; (a' -> 1). The 
experimental value for the half-saturation constant 
Kr for the active transport of GalSGal corresponds 
to about a '  = 0.5. Thus, qualitatively at any given 
time, the accumulation appears to follow Eq. (3). 
This impression can be confirmed mathematically. 
The argument of the logarithm in Eq. (I0) is a mea- 
sure of the closeness to the equilibrium of Eq. (2) 

Bla"(t) + 92 [S"]/[S'] 
Be - 1 exp(--naoN �9 A/2xoy �9 /RT) (11) 

varying from 1 at [S"] = 0 to 0 at equilibrium. If the 
system is far from equilibrium as in Fig. 2, Eq. (11) 
assumes a value near unity, and Eq. (10) can be 
simplified by the approximation ln(1 + x) ~ x, for 
small x, yielding 

[S"(t)] Cr" kcat(inftux) �9 At 
[S'-----]- ~" [S'] + Kr(influx) (12) 

where the combinations of Al, A2, B~ and B2 have 
been replaced by the appropriate experimental pa- 
rameters of kcat and Kr (cf. Wright, 1986a). Thus, 
solute accumulation by a strictly coupled cotran- 
sporter can be described by an equation resembling 
Eq. (3). The only requirement is that the rate of net 
transport be slow far from equilibrium. Equation 
(12) also suggests that the hyperbolic dependence of 
IS"] on [S'] should be observed at any given time, 
not just in the apparent steady state. Observations 
by Kepes (1971) demonstrate this is so, thus sug- 
gesting that product inhibition is the correct expla- 
nation for the disequilibrium between A/2H+ and the 
accumulation of galactoside at finite times in this 
system. 

Advancing product inhibition as an explanation 
for the behavior described by Eq. (3) implies that 
there is no nonequilibrium steady state. The inter- 
nal concentration of solute slowly increases until, in 
the limit of infinite time, Eq. (2) is satisfied. Inspec- 
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tion of Fig. 2 discloses that this increase might be 
difficult to detect experimentally. A tangent to the 
curve for o~' = 1 at 5 • 104 sec has a slope less than 
0.2% of the uptake curve measured under initial- 
velocity conditions (t ~ 10 sec). Thus, the slow rise 
in IS"] could go unnoticed with an experimental er- 
ror of even a few per cent and may be mistaken for a 
steady state. 

REASONS FOR SLOW RATES OF NET TRANSPORT 
OF SOLUTE 

In the case of galactoside : H + cotransport, two fac- 
tors are responsible for slow rates of net transport 
(Wright et al., 1985; Wright, 1986b): The cotran- 
spotter retains high affinity for galactosides and H + 
on the cytoplasmic side of the membrane in the 
presence of A/2H+, and AO hardly changes k,? and k , .  
Thus, as the internal concentration of galactoside 
rises, the ternary complex CHG" is easily formed. 
The rate of net influx is given by 

d[S"] _ k+ [CHS'] - kg [CHS"]. (13) 
dt 

Net influx will approach zero while the system is far 
from equilibrium, because the concentration of 
CHS" is high and k + and kg are similar. This is an 
extreme form of product inhibition. However, the 
cotransporter rapidly exchanges H § and galactoside 
across the membrane under these conditions 
(Wright, 1986b). Cotransporters must not necessar- 
ily evince such strong product inhibition. If the ef- 
fect of imposing At0 were to increase k~ and de- 
crease k2: or to increase K} according to 

k+~ _ (k*~ ] e x p ( - F A W R T )  (14) 

or 

K~ = (K})z,:0 exp(-FAtO/RT) (15) 

as required by thermodynamic considerations, the 
rate of net influx at finite times could be higher than 
the observed rate of galactoside:H + cotransport 
(Fig. 2). Thus, the behavior described in Eq. (3) 
could, in principle, be avoided or diminished by mu- 
tation, if this were advantageous to a cell. 

a cell or organelle. Because this type of control is 
exerted without resorting to leaks, no energy is 
wasted. Inspection of the literature reveals at least 
two other cases where this behavior may be antici- 
pated. 

Komor and Tanner (1974), studying hexose : H + 
cotransport in the green alga Chlorella vulgaris, 
noted that the accumulation of 6-deoxyglucose de- 
creased with decreasing [H+]. One possible explana- 
tion is that the system possesses an inner leak via 
ks. Raising the pH would titrate the sugar transport- 
ing complex from CHS' (k, +, with nil+ = 1) to CS' 
(k~, with nil+ = 0). Alternatively, the rate of net 
influx may decrease with increasing pH. The values 
of kc~t and Kr for active transport are expected to be 
dependent on the concentration of the cotrans- 
ported ion. In fact, the decrease in the maximal 
velocity of 6-deoxyglucose : H § cotransport exactly 
parallels the decrease in the accumulation (see Ta- 
ble 1 of Komor & Tanner, 1974). Thus at higher pH, 
net transport may be slow. 

D-glucose:Na + cotransport in the intestinal 
brush-border membrane can be inhibited by internal 
D-glucose or Na + (Kessler & Semenza, 1983; 
Dorando & Crane, 1984; Kaunitz & Wright, 1984). 
Thus, net influx of D-glucose will be inhibited as 
[Na +''] increases. This may prevent depolarization 
of the membrane by keeping the accumulation of D- 
glucose far from its potential equilibrium value. 

Finally, it is interesting to note that de Meis and 
Inesi (1985) have suggested the Ca2+-pumping 
ATPase of sarcoplasmic reticulum is also kineti- 
cally regulated to remain far from equilibrium under 
certain conditions. The accumulation of Ca 2+ is 
thermodynamically determined by the free energy 
of hydrolysis of ATP. Therefore, in the presence of 
leaky vesicles where [Ca 2+'] = [Ca2+"], ATP should 
be continuously hydrolyzed. However, at high con- 
centrations of Ca 2+ and phosphate (a product), the 
net hydrolysis of ATP is very slow. Thus, the Ca 2+- 
pumping ATPase is kinetically designed not to 
transport Ca 2+ rapidly at the expense of ATP under 
certain conditions. 

All protein-catalyzed reactions must exhibit 
product inhibition, because at equilibrium the net 
flux or conversion of substrates must be zero. How- 
ever, some systems may be outfitted with kinetic 
traps (e.g., high affinity for product or fast rates for 
the reverse reaction), which cause the reaction cat- 
alyzed to remain far from equilibrium. 

THE POSSIBLE EXISTENCE OF CATALYTIC 
INEFFICIENCY IN OTHER COTRANSPORTERS 

Limiting the maximal level of a cotransported sol- 
ute by catalytic inefficiency may be advantageous to 

Discussion 

Ion:solute cotransporters utilize the energy avail- 
able from the transmembrane difference of the elec- 
trochemical potential of the ion to drive the accu- 
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mulation of the solute. When solute is added to a 
suspension of cells or organelles there is an initial 
period of uptake of solute, linear in time, followed 
by a progressive decrease in the rate of net trans- 
port due to product inhibition by internal ion and 
solute. If the fluxes of ion and solute are tightly 
coupled, the rate of net transport becomes zero 
(d[S"]/dt = d[ION"]/dt  = 0) only when the equilib- 
rium of Eq. (2) is attained. 

Here an alternative to leaks for explaining low 
accumulations of solute is suggested. Cotranspor- 
ters may be kinetically so designed that the rates of 
net solute and ion fluxes, strictly coupled via the 
cotransporter, approach zero under certain circum- 
stances, while the system is quite far from equilib- 
rium. In principle, such cotransporters can attain 
the equilibrium of Eq. (2), but only in the limit of 
infinite, and biologically irrelevant, time. Particular 
constellations of cotransport parameters (Fig. 1) 
will evoke product inhibition more strongly than 
others, so that this behavior is biologically select- 
able. 

In analogy to the thermodynamic inefficiency 
(Eq. (9)) associated with leaks, extremely small 
rates of net transport far from equilibrium could be 
called catalytic inefficiency Ec. A quantitative mea- 
sure of the catalytic efficiency could be the half time 
tj/2 for the attainment of equilibrium according to 

Ec = 1~hi2 (16) 

where t~/2 can be calculated from Eq. (10). This defi- 
nition is useful because the variability of Ec, even 
for a single cotransporter, is emphasized: E(. is a 
function of Cr, [H+"], and [S'], for example. 

Catalytic inefficiency is proposed as the reason 
for low accumulations of hydrophilic disaccharides 
such as lactose and GalSGal via the galactoside : H + 
cotransporter of E. coli. At low external concentra- 
tions of galactoside, large accumulations are at- 
tained. At high external concentrations of galacto- 
side, low accumulations are attained. The net result 
is that the internal concentration of galactoside 
varies over a narrower range than if the equilibrium 
of Eq. (2) were achieved. Thus, a variable catalytic 
efficiency could be a crude form of homeostatic 
control. 

Low catalytic efficiency in cotransport (Eq. 
(12)) has consequences for the interpretation (i) of 
accumulations in the apparent steady state in terms 
of a stoichiometry, (ii) of selection procedures or 
growth phenotypes for mutants, or (iii) of the ef- 
fects of chemical modifications. If an ion : solute co- 
transporter is catalytically inefficient, the accumu- 
lation ratio observed at finite times will depend on 

[S'], Cr, and kcat. This has the following conse- 
quences: 

Any effect that alters the number of functioning 
proteins such as variable induction, mutations in 
repressors or enhancers, mutations reducing incor- 
poration, or chemical modification (see discussion 
in Neuhaus & Wright, 1983) will lead to lower accu- 
mulation at finite times. Phenotypes based on the 
ability to exclude a poisonous substrate (such as p- 
nitrophenyl-fl-D-thiogalactoside) or to grow on a 
substrate (such as lactose, melibiose, or maltose) 
are generally determined at millimolar levels of sol- 
ute where Eq. (3) or (12) and not Eq. (2) applies. 
Also, in reconstituted systems, the density of co- 
transporters is usually lower than that in the cell. 
Therefore, solute accumulation in the apparent 
steady state at low levels of cotransporters could 
yield a low estimate of the stoichiometry (cf. Wright 
& Overath, 1984). On the other hand, cloning a mu- 
tated gene onto a multicopy plasmid would lead to 
overproduction and to increased rates of influx. 
Therefore, suggestion that the l a cY  yN mutants are 
not uncoupled but catalytically inefficient (Wright 
& Seckler, 1985) could be tested by cloning this 
gene. 

Any effect that decreases the turnover number 
of active transport such as mutations (Wright & 
Seckler, 1985), chemical modification (cf. Neuhaus 
& Wright, 1983), interaction with regulatory factors 
(cf. Nelson, Wright & Postma, 1983) or antibodies 
(Carrasco et al., 1984), the presence of synthetic or 
simply foreign phospholipids (Seto-Young, Chen& 
Wilson, 1985), or lower temperature, (Therisod, 
Weil & Shechter, 1978; cf. Overath et al., 1979) will 
lead to lower accumulation at finite times. There- 
fore, mutants which fail to grow upon or utilize cer- 
tain solutes rapidly or exhibit low accumulation of 
solute (cf. Brooker, Fiebig & Wilson, 1985; 
Neuhaus et al. 1985; Padan et al., 1985) should not 
automatically be thought to possess inner leaks 
(i.e., be uncoupled), for example. Also, because 
turnover numbers in vesicles and proteoliposomes 
are frequently much smaller than those in cells 
(Wright et al., 1986; Wright & Overath, 1984), low 
accumulations may be more pronounced in these 
systems. 

Finally, for the sake of completeness the role of 
the passive diffusion (outer leak, Ps) in determining 
the accumulation of solute in some instances must 
be acknowledged. 

Measurements of Ps and the parameters of ac- 
tive transport are required to determine the extent 
to which the passive diffusion of solute influences 
the accumulation in each case. 

Additionally, this investigation agrees with a 
conclusion of Sanders et al. (1984, Fig. 18) based on 
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a theoretical analysis of kinetic models for cotran- 
sport. In catalytically inefficient systems, force- 
flow relationships of the sort 

diS"] 
dt - constant �9 (trio N �9 A/~lO N + A/Xs) (17) 

cannot readily be established. The simulation in 
Fig. 2 demonstrates that under these conditions the 
flow approaches zero when the residual driving 
force is still very large. To the extent that ion-pump- 
ing ATPases or oxidoreductases exhibit similar ki- 
netic designs, force-flow relationships like Eq. (17) 
will not be observed. Such systems cannot accu- 
rately be described using thermodynamics of irre- 
versible processes. 

In summary, low accumulations of solute 
should not always be interpreted in terms of incom- 
plete coupling of ion and soluble fluxes via a cotran- 
spotter. Certain combinations of rate and dissocia- 
tion constants produce conditions where net solute 
influx approaches zero far from equilibrium even in 
tightly coupled systems. Therefore, mutant and 
chemically modified cotransporters must be subject 
to extensive kinetic analysis to identify the cause of 
low accumulations of solute. Catalytic inefficiency 
because of strong product inhibition can mimic 
leaks. 

I am grateful to I. West, I. Booth, and especially to A. A. Eddy 
for many helpful discussions. 

References 

Ahmed, S., Booth, I.R. 1981. The effects of partial and selective 
reduction of the proton-motive force on lactose uptake in 
Escherichia coli. Biochem. J. 200:583-589 

Bentaboulet, M., Kepes, A. 1981. Dependence on pH of parame- 
ters of lactose transport in Escherichia coli. Eur. J. Biochem. 
117:233-238 

Booth, I.R., Hamilton, W.A. 1980. Quantitative analysis of pro- 
ton-linked transport systems. Biochem. Ji 188:467-473 

Brooker, R.J., Fiebig, K., Wilson, T.H. 1985. Characterization 
of lactose carrier mutants which transport maltose. Proc. 
Natl. Acad. Sci. USA 260:16181-16186 

Carrasco, N., Viitanen, P., Herzlinger, D., Kaback, H.R. 1984. 
Monoclonal antibodies against the lac carrier protein from 
Escherichia coli. I. Functional studies. Biochemistry 
23:3681-3687 

Crane, R.K. 1977. The gradient hypothesis and other models of 
carrier-mediated active transport. Rev. Physiol. Biochem. 
Pharmacol. 78:99-159 

Dorando, F.C., Crane, R.K. 1984. Studies of the kinetics of Na + 
gradient-coupled glucose transport as found in brush-border 
membrane vesicles from rabbit jejunum. Biochim. Biophys. 
Acta 772:273-287 

Eddy, A.A. 1978. Proton-dependent solute transport in microor- 
ganisms. Curr. Top. Membr. Transp. 10:279-360 

Kaunitz, J.D., Wright, E.M. 1984. Kinetics of sodium D-glucose 
cotransport in bovine intestinal brush border vesicles. J. 
Membrane Biol. 79:41-51 

Kepes, A. 1971. The/3-galactoside permease of Escherichia coli. 
J. Membrane Biol. 4"87-112 

Kessler, M., Semenza, G. 1983. The small intestinal Na +, D- 
glucose cotransporter: An asymmetric gate channel (or pore) 
responsive to k~b. J. Membrane Biol. 76:27-56 

Komor, E., Tanner, W. 1974. The hexose-proton cotransport 
system of Chlorella pH-dependent change in Km values and 
translocation constants of the uptake system. J. Gen. Phys- 
iol. 64:568-581 

Maloney, P.C., Wilson, T.H. 1973. Quantitative aspects of ac- 
tive transport by the lactose transport system of Escherichia 
coli. Biochim. Biophys. Acta 330:196-205 

Meis, L. de., Inesi, G. 1985. Intrisic regulation of substrate 
fluxes and energy conservation in Ca2+-ATPase. FEBS Lett. 
185:135-138 

Mitchell, P. 1973. Performance and conservation of osmotic 
work by proton-coupled solute porter systems. J. Bioenerg. 
4:63-91 

Nelson, S.O., Wright, J.K., Postma, P.W. 1983. The mechanism 
of inducer exclusion. Direct interaction between purified 
III ctc of the phosphoenolpyruvate phosphotransferase system 
and the lactose carrier of Escherichia coli. EMBO J. 2:715- 
720 

Neuhaus, J.-M., Soppa. J., Wright, J.K., Riede, I., Blocker, H., 
Frank, R., Overath, P. 1985. Properties of a mutant lactose 
carrier ofEscherichia coli with a Cys 148 ---+ Ser 148 substitution. 
FEBS Lett. 185:83-88 

Neuhaus, J.-M., Wright, J.K. 1983. Chemical modification of the 
lactose carrier of Escherichia coli by plumbagin, phenylar- 
sinoxide or diethylpyrocarbonate affects the binding of galac- 
toside. Eur. J. Biochem. 137:615-621 

Overath, P., Teather, R.M., Simoni, R.D., Aichele, G., 
Wilhelm, Y. 1979. Lactose carrier protein ofEscherichia coli. 
Transport and binding of 2'-(N-dansyl)amino-ethyl /3-D- 
thiogalactoside and p-nitrophenyl c~-D-galactoside. Biochem- 
istry 18:1-11 

Overath, P., Wright, J.K. 1983. Lactose permease: A carrier on 
the move. Trends Biochem. Sci. 8:404-408 

Padan, E., Sarkar, H.K., Viitanen, P.V., Poonian, M.S., Ka- 
back, H.R. 1985. Site-specific mutagenesis of histidine resi- 
dues in the lac permease of Escherichia coil Proc. Natl. 
Acad. Sci. USA 82:6765-6768 

Rickenberg, H.V., Cohen, G.N., Buttin, G., Monod, J. 1956. La 
galactoside permease d'E. coli. Ann. Inst. Pasteur Paris. 
91:829-834 

Sanders, D., Hansen, U.-P., Gradmann, D., Slayman, C.L. 
1984. Generalized kinetic analysis of ion-driven cotransport 
systems: A unified interpretation of selective ionic effects on 
Michaelis parameters. J. Membrane Biol. 77:123-152 

Seto-Young, D., Chen, C.-C., Wilson, T.H. 1985. Effect of dif- 
ferent phospholipids on the reconstitution of two functions of 
the lactose carrier of Escherichia coli. J. Membrane Biol. 
84:259-267 

Teather, R.M., Bramhall, J., Riede, I., Wright, J.K., Furst, M., 
Aichele, G., Wilhelm, U., Overath, P. 1980. Lactose carrier 
protein of Escherichia coli. Structure and expression of plas- 
mids carrying the Y gene of the lac operon. Eur. J. Biochem. 
108:223-231 

Therisod, H., Weil, R., Shechter, E. 1978. Functional lac carrier 
protein in cytoplasmic membrane vesicles isolated from Es- 
cherichia coli: Temperature and pH dependence of dansyl- 



8 J.K. Wright: Catalytic Inefficiency of Cotransport 

galactoside binding. Proc. Natl. Acad. Sci. USA 75:4214- 
4218 

West, I.C. 1970. Lactose transport coupled to proton move- 
ments in Escherichia colt. Biochem. Biophys. Res. Commun. 
41:655-661 

Wright, J.K. 1986a. Experimental analysis of ion/solute cotrans- 
port by substrate binding and facilitated diffusion. Biochem. 
Biophys. Acta 854:219-230 

Wright, J.K. 1986b. The kinetic mechanism of galactoside/H + 
cotransport in Escherichia colt. Biochim. Biophys. Acta 
855:391-416 

Wright, J.K., Dornmaier, K., Mitaku, S., Moroy, T., Neuhaus, 
J.-M., Seckler, R., Vogel, H., Weigel, U., Jahnig, F., Over- 
ath, P. 1985. Lactose : H + carrier of Escherichia coli: Kinetic 

mechanism purification, and structure. Ann. N Y  Acad. Sci, 
456:326-341 

Wright, J.K., Overath, P. 1984. Purification of the lactose: H ~ 
carrier of Escherichia colt and characterization of galactoside 
binding and transport. Eur. J. Biochem. 138:497-508 

Wright, J.K., Seckler, R. 1985. The lactose : H* carrier of Es- 
cherichia colt: lacY UN mutation decreases the rate of active 
transport and mimics an energy-uncoupled phenotype. Bio- 
chem. J. 227:287-297 

Wright, J.K., Seckler, R., Overath, P. 1986. Molecular aspects 
of sugar: ion cotransport. Annu. Rev. Biochem. 55:225-248 

Received 2 February 1989 


