Biochimica et Biophysica Acta, 1110 (1992) 11-19 11
© 1992 Elsevier Science Publishers B.V. All rights reserved 0005-2736 /92 /$05.00

BBAMEM 75704

Testing models for transport systems dependent on periplasmic
binding proteins

Richard M. Krupka

Rescarch Centre, Agriculture Canacdo, London (Canada)

(Received Y December 1991)

Key words: Transport kinetics; Periplasmic binding protein: Transport mechanism; Membrane carrier: Asymmetric carrier:
Bacterial transport; Transport model

A carrier model in which transport across the cytoplasmic membrane is mediated by a periplasmic binding pivicin (Kiajrha,
R.M. (1992) Biochim. Biophys. Acta 1110, 1-10) is shown to account for many of the properties of these systems: (i)
Michaclis-Menten kineties; (i) scemingly irreversible uptake: (i) the absence of exchange transport and counter-transport; (iv)
substrate half-saturation constants that in dilferent systems may be lower or higher than the dissociation constant of the binding
protein; (v) the high concentration of the binding protein in the periplasm and its weak association with the membrane
component. The binding protein appears to function as a valve or rectifier that permits the substrate to enter the cell, but blocks
exit in both the energized and de-encergized states. The asymmetry depends on both the abruptness and the extent of the
conformational change in the binding protein. Characteristically, these systems build up steep gradients across the membrane,
circumstances in which such a valve might be important. In agreement with the mechanism, (a) the binding protein is missing in
members of the same family of transporters that function in export of the substrate rather than import; and (b) in Gram-positive
organisms, which have no periplasmic space, binding proteins function while anchored to the cytoplasmic membrane.

Introduction

In the preceding paper [1], kinctic cquations were
derived for transport models involving periplasmic
binding proteins. Here, the experimental observations
are compared with the predictions [2-9].

The transport scheme to be tested is shown in Fig.
1. To add to or dissociate from the outer carrier site,
external substrate requires the binding protein, but
internal substrate adds dircctly to the inner carrier site.
The binding protein is an equilibrium mixture of two
conformations, P’ and P; the former predominates in
the absence of the substrate, the latter in its presence
(K,> 1, and K, <1 where K, =[P']/[P] and K, =
[P’'S]/[PS]). Only conformation P adds to th¢ mem-
brane component of the system, and when it docs so
the substrate can move between the two proteins. The
binding protein adds to the outward-facing but not to
the inward-facing carrier. The point of coupling to
ATP hydrolysis is left open, since in principle energy
may be released anywhere along the cycle of carrier
reactions [10]; the kinetic equations make it possible to
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determine the cffects on the transport parameters of
coupling at any particular step.

The transport constants referred to in the following
discussion arc as follows. K, is the substrate dissocia-
tion constant of the binding protein: K, = K, K5, where
K< =[PIS,)/IPS]. K_is the intrinsic substrate disso-
ciation constant of the membranc carrier:

Kg =1CIS/IC S = Kk /k =Kk /(k(Ky)

k, and k_, arc rate constants for binding protein-
mediated transfer of the substrate to and from the
external carrier site, respectively: k, = k,/K, and k
=k /K, (sec Fig. 1). a is the ratio of internal to
external substrate concentrations in the final stcady-
state; « = 1 in a passive system, and a > 1 in an active
system. [C,] is the total concentration of carrier in the
membrane, and [P] is the total concentration of the
binding protein.

The rate equations based on the reaction scheme in
Fig. 1 involve the following experimental constants: 174
is a maximum flux, K a half-saturation constant, and
small ¢ the measured rate under a particular sct of
conditions. Attached to these symbols are subscripts
and superscripts — subscripts indicating the substrate
followed and its location cither outside the cell, *0’, or
inside, ‘i’, and superscripts indicating the type of exper-
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iment in which the constant is measured. A zero-trans
experimant is indicated by a bar, ‘-’, the minus sign
denoting the complete absence of substrate in the trans
(i.e., opposite) compartment; an equilibrium exchange
experiment is indicated by a double bar, ‘=, the equal
sign denoting an equal concentration of substrate in
the trans compartment (or in active transport, denoting
the concentration achieved in the final steady-state).
Thus, K is the half-saturation constant, and Vs, the
maximum rate, measured in zero-trans uptake experi-
ments. ES| and 173' are the corresponding constants in
zcro-trans exit experiments. Vy is the maximum rate of
cquilibrium cxchange.

Testing the mechanism

(i) The rate of substrate exit. In all systems examined,
uptake appears to be an irreversible process, and nei-
ther net cxit, nor exchange, nor counter-transport is
detected [11-13) The analysis of the model shows the
reaction to be inherently asymmetrical. In exit, the
required conformation of the free binding protein, P, is
scarce, the equilibrium favouring P’ (K, < 1). In entry,
the required conformation of the complex, PS, is
favoured by the equilibrium (K, < 1). As a result, exit
is slower than uptake by a factor proportional to K.
The asymmetry is apparent in the ratio of the maxi-
mum zero-trans cxit and entry rates, Vs and Vi
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K, docs not enter into the expression for «, the ratio
of internal to external substrate concentrations in the
final steady-state, which is large in the encrgized sys-
tem and equal to unity in the de-cnergized system;

= o fakek KO/ ok ok 3 KqKS) 2)

Asymmetry thercfore persists in the de-cnergized state.
The substrate cnters the cell easily but leaves with
great difficulty, making the reaction secm irreversible.

(ii) Pathways for entry and exit. From the principle
of microscopic reversibility the preferred reaction paths
in the forward and reverse directions are necessarily
the same if the alternative paths are of equivalent
kinctic order (i.c., if the rate laws are of the same form
with respect to reactant concentrations), but not if they
are of differing kinetic order [14). In the case of trans-
port systems dependent on binding proteins, the alter-
native paths are not kinetically equivalent. The main
pathway for entry, which involves the binding protein,
is a function of the concentrations of the substrate and
the binding protein, [S,] and [P] in entry, and [S;] and
[P,] in exit. Another pathway can bc envisaged in which

the substrate adds directly to the outer carrier site;
here the rate is a function of [S,] in entry and [S;] in
exit, independent of [P,]. Experiment rules out the
direct pathway in entry; the following argument rules it
out in exit.

In the direct pathway,

ks
C(, + SI‘ = C“S
LI

the dissociation constant for :he carrier-substrate com-
plex, k _3/k, is equal to [C,][S,1/[C,S}, which is given
by

ki oa/ky=Kg =k |Kg/(kiKy) 3

In exit (in the absence of the external substrate), the
ratio of the rates of dircct dissociation, and of binding
protein-mediated dissociation, of the substrate from
the outward-facing carricr-substrate complex, is equal
to k_;/k_\[P], where [P]=[P]/K, (in the absence of
cexternal substrate the total concentration of binding
protein is given by [P]=[P]+[P']=[PKI +K,) =
K [P]). From Eqn. 3, this ratio of rates is given by

ko a7k [P =k Ky /(ky (R )]

In entry, the rate of direct addition of the substrate
to the outward-facing carrier is cqual to kASIC,);
and with the external substrate concentration, [S,), set
cqual to Ky, the rate is k;KJC_]. This rate is to be
compared with & [PJIC ] the rate of addition ma2di-
ated by the binding protein. (The first rate is half-maxi-
mal and the second maximal, but the 2-fold difference
does not alter the conclusion). Experiment shows the
ratio of these rates to be very small; i.c., k;,K/(k,[P])
< | It follows from Eqn. 4 that & _,/k _|[P], the ratio
of exit via the binding protcin-independent and binding
protein-dependent pathways, is also very small.

(iii) Exchange transport. As noted, exchange trans-
port cannot be detected. According to the kinetic anal-
ysis of the modcl, exchange should be extremely slow
for two rcasons. First, unidircctional exit suffers from
the same scarcity as zero-trans exit of the required
conformation of the frec binding protein (K, > 1).
Second, exchange is inhibited by the external substrate.
The maximum exchange rate (with K, > 1 and K n>
[PD is given by

5 . KAlRNC)/Q+ /1 o)
ST K +[S)/K (1 + £, 7K, ])

(5)

The rate is seen to be inversely related to K, and to
the substrate concentration. By forming the substrate
complex, PS, the substrate removes the free binding
protein required for dissociation of the substrate from
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Fig. 1. Transport scneme involving a periplasmic binding protein.
The binding protein P transfers the external substrate S, to the
outward-facing carrier C,,. The external substrate cannot add to the
carrier directly, but the internal substrate, S;, adds directly to the
inward-facing carrier. The carricr, imbedded in the cytoplasmic
membrane, alternates between outward-facing and inward-facing
forms, C, and C;. The binding protein is an equilibrium mixture of
two conformations, P’ and P, and only the latter combines with the
carrier; free of substrate, the protein is mainly in conformation P’
(K, > 1), and as the substrate complex in conformation PS (K, < 1).
Though the binding protein combines with the outward-facing car-
rier, it does not interact with the inward-facing carrier. The carrier
and binding protein form two types of complex: one productive, PS
with C,, and P with C_S, and one non-praductive, P with C,, and PS
with C_S. The non-productive complex is at a dead-end in the
reaction sequence and is therefore inhibitory, Steps considered to be
in rapid equilibrium in the Kinetic treatment of the model are
indicated by single arrows, and steps that may be rate-limiting by
double arrows.

thec outer carrier site and therefore blocks the exit
component of exchange. Consequently substrate entry,
which depends on the release of the free outward-fac-
ing carrier, is also blocked. The inhibition constant is
K, the dissociation constant for the binding protein,
which in many cases is equal to the Michaelis constant
for entry, Kg s for this reason the inhibition may be
strong at comparatlvely low substrate concentrations.
As K is independent of «, the inhibition is equally
strong in the de-energized statc.

In theory, the substrate could inhibit in another way.
PS could form a dead-end complex with the carricr,
PS-C,S; the inhibition would then depend on K,
(Fig. 1) and on the steady-state concentration of C_S.
But where K, is much larger than Kg the dead-end
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complex should be unimportant. The relative values of
K s, and K are considered in section (vi) below.

(i) Counter-transport. When de-energized cells pre-
viously loaded with unlabelled substrate are placed in a
medium containing labelled substrate, the label would
normally flow into the cell, rising above the equilibrium
level and remaining high until the gradient of unla-
belled substrate has ebbed away. This is called
counter-transport. The labelled substrate accumulates
because once inside the cell it has to compete with
unlabelled substrate to move out again. In effect, the
flow of unlabelled substrate down its concentration
gradient, out of the cell, drives the labelled substrate in
the opposite direction, because both move on the same
carricr. In systems dependent on binding proteins,
counter-transport is not observed; nor should it be,
since exchange and unidirectional exit are so extremely
slow. The absence of counter-transport, it may be
noted, serves to demonstrate that exit is blocked in the
de-energized system.

(v) Dependence on the substrate concentration. Sub-
strate uptake invariably obeys Michaelis-Menten kinet-
ics, with linear reciprocal plots over a wide concentra-
tion range [15-21]. Though the full rate expression for
uptake iiicludes terms in substrate concentraiion that
give rise to non-Michaelis-Menten behaviour, the
cquation reduces to the Michaclis-Menten form under
certain conditions: (i) K, is large (meaning that the
free protein is largely in conformation P’, which does
not add to the carrier) and the dead-end complex
PS-C,S is not formed (K, > 1, [P,] < K,)); (ii) the
concentration of the binding protein is too low to
saturate the carrier (P] < K, [P,] < K, )); (iii) K, > 1
and addition of the external substratc to the carrier
site, governed by k, = k,/K,, is rate-limiting; (iv) f,
> (k_, +f_,). The concentration of the binding pro-
tein is much less than saturating in some but not all
cases. It is low in systems for arginine [22] and histidine
[3] in Escherichia coli, but in the maltose system the
concentration was reported to be saturating in one
study and half-saturating in another [20,23]. In the
histidine system of Salmonella typhimurium the con-
centration is saturating with respect to the maximum
rate though not with respect to the substrate half-
saturation constant [15].

(vi) Substrate half-saturation constants for the bind-
ing protein and for transport. In a list of experimental
values put together by Wilson and Smith [24], the
substrate half-saturation constant measured in cntry
experiments, Ks , and the dissociation constant for the
binding protem. K, agree within a factor of 2 in 12
cases, but Ks is the smaller in three cases (by factors
of 3 to 6) and the larger in 1 case (by a factor of 6). In a
list made later by Furlong [4], the values agree within a
factor of 2 in 8 cases, but KS is the smaller in one
case (by a factor of 4) and the larger in seven cases (by
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factors of 3 to 100). The kinetic analysis does show that
the constants are not necessarily equal:

Ko+ fi/f otk 2+k (RIS 2tk /(LK KR

Su ™ (+f/f Dk ko
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A value of Ks ¢ 1l to K is explained by any of
the conditions listed ¢ ve for Michaclis-Menten kinet-
ics, A value less than  is explained if cither K > |
and K, > [P} K,> | and k, is rate-limiting, or
fr(k_y+f_,). A " ¢ greater than K suggests
that K, is large and th. lcad-end complex PS- C,S is
not formed (K, > 1 ana K, > [P,]D. From Eqn. o, it
appears that I?S might be large if the intrinsic sub-
strate affinity of ‘the membrane carricr is much lower
than that of the binding protein (i.c., if Ky > Kj.
where K is the dissociation constant for the carrier
in the overall reaction C, + S, = C_S). However, Ky
=Ky k_/(k\K,); therefore, if Kg > K, then kK,
> k_,, and this conditiun gives rise to non-Michaclis-
Menten kinetics (as was shown in the preceding paper).
It scems unlikely, therefore, that the model accounts
for cases in which the kinctics are Michaclis-Menten
and K\ is much larger than K.

The pru‘lmcmdl ratios of tho.. constants might be
questioned. though, since affinitics could ditfer in the
periplasm and in dilute solution. The microenviron-
ment can certainly distort dissociation constants, as in
the casc of immobilized cnzymes [25] and ‘crowding’
cffects in protein solutions [26]). The largest discrep-
ancy between the constants is reported in the sulfate
transport system of Salmonella typhimurium, where
Ky is 100-times larger than K¢ [4], and where the
reciprocal plot in transport is lincar over a wide con-
centration range [27]. K¢ was mcasured at low ionic
strength; at high ionic strength it was 30-times greater,
where the factor would only be 3 [28]. It is possible that
the recal difference between the constants is never
large.

(vii) The dependence of transport on the concentra-
tion of the binding protein, [P,]. According to the
analysis of the model, thc maximum rate of uptake
should rise to a limit as [P] increases: Vg =a/(1 +
K, /[P])). The substrate half-saturation constant may
either rise or fall: K =b(1 +c/[PD/(1 +K,/[P]. a
and b are constants, and

K:(1+f1/1-1)
L+ k Ko{(1/F2 )+ (kD) + A+ f_2/k_2) /)

Kp=

M

c=fKy/tk 0+ f 27k ) (8)

In the case of the maltose system, differing values
for K,, have been reported. In a study in which the
maltose binding protein was added back to mutant
cells lacking binding protein, K, was about I mM [20],
which is the concentration in wild-type cells. In an-
other study [23], the concentration of the binding pro-
tein was varied in mutants, and the half-maximal con-
centration was estimated to be 0.1 mM. The relation-
ship between Vs and the binding protein concentra-
tion was sug,mmd however, not hyperbolic. This obser-
vation is understandable, in view of the known re-
versible absorption of the binding protein to the lambda
receptor in the outer membrare [29], which would
cause the free protein concentration, and therefore the
maximum rate, to at first increase out of proportion to
any incrcase in the total binding protein. Another
complication is that the free binding protein is mainly a
dimer and the substrate  omplex a monomer [30). In
this study, lowering the binding protein concentration
by a factor of 25 reduced ¥ 10-fold and doubled I\., \
trends suggesting that in thc wild type K, <[P] and
¢>[P). In the case of a mutant histidine transport
system in S, nphimurium  with S-times the normal
binding protein content, V was unchanged but Ks
fell from 26 nM in the wiil type to 6.6 nM in the
mutant {15} the implication is that in the wild type
K, <[P]and ¢ > [P]

(viii) The concentration of the binding protein. The
cell produces 20-50 copies of the binding protein for
cach copy of the membrane carrier, but much less
would seem to be required if the interaction with the
carrier were stronger. Where it has been measured
(see above), the actual affinity for the carrier is low -
K, (Eqn. 5) may be in the range of 0.1 to 1 mM.
Correspondingly, the concentration of the binding pro-
tein in the periplasm is high — about 1 mM. Why has
sclection pressure not cvolved a more economical ar-
rangement? Probably because stronger interaction
would retard transport. The periplasm is a gel [31,32]
in which diffusion of the binding protein is some 5000-
times slower than in water [33]; and since a protein of
this size diffuses about 10-times slower than a small
molecule. the rate constant for formation of the car-
ricr-protein complex. k(on), would be low, possibly
5+ 10* times lower than the diffusion-controlled rate
constant for a small molccule. If the latter is taken to
be 1:10° M~' s~ !, the constant for the protein would
be about 2 10* M~' s~!'. Assuming that K, = k(off)/
k(on) is 0.1 mM, then k(off) =107* Mx2-10°* M~!
s~ '=2 s~'. This rate is to be compared with the
substrate dissociation constants for the binding protein,
which vary between 2 and 90 s~' (Miller et al. [34]),
and with turnover numbers for transport, estimated to
be no higher than 2 s~ ! [29,34). Hence, stronger attrac-



tion of the binding protein for the membrane carrier
could make dissociation rate-limiting, reducing the
transport rate. Considering that the concentration of
the binding protein, which is only partly free [29],
should not be less than K,, the actual concentrations
and affinities may be optimal.

(ix) The binding protein-carrier complex. It is under-
standable that the complex of the binding protein with
the memorane carrier is hard to detect. As explained
above, forming too tight a complex retards transport,
and therefore binding ought to be, and is, weak. Fur-
ther, the free protein is mainly in conformation P’,
which does not interact with the carrier. In the pres-
ence of the substrate the conformation is correct, but
on addition of the complex to the membrane compo-
nent the substrate passes to the carrier site and the
protein reverts to conformation P’. It is upparent that
the complex will reach a steady state controlled by rate
constants for the carrier. The half-saturating concen-
tration of the binding protein, K, measured at a
saturating concentration of cxternal substrate, is given
by Eqgn. 7. That the binding protein does combine with
the carrier, at least transiently, has been demonstrated
in cross-linking studies [35].

(x) The non-productive complex PS - C,S. This com-
plex, if formed, is a barrier to exit, but whether the
inhibition would be 4n advantage depends on the ef-
fect on entry, also inhibited when PS adds to C_S.
Entry will be little inhibited at low steady-state concer-
trations of C_S, i.c., where addition of external sub-
strate to the carrier, governed by k [PS], is slow rela-
tive to the rate of movement of the carrier-substrate
complex, governed by f,; and, understandably, this is
one of the conditions for Michaelis-Menten kinetics.
Under the same conditions the rate equation for exit
retains the inhibitory [S,] terms.

At present, there is no way of deciding whether a
non-productive complex is formed, though values of
l?s“ larger than K were seen to argue against such a
complex.

Testing transport systems for dependence on binding
proteins

To fulfill its role in the mechanism in Fig. 1, the
binding protein need not be free in the periplasmic
space. The only requirement is that it should be able to
interact with the membrane carrier, and it might do so
while attached to the external surface of the cytoplas-
mic membrane adjacent to the carrier. In this light, the
general test for the mechanism should focus, not on
inactivation of the system and release of the binding
protein through osmotic shock or disruption of the cell
wall, but on the behaviour in transport, in particular
the absence of equilibrium exchange at high substrate
concentrations, and the absence of counter-transport
in de-energized cells.
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Possible implications of the mechanism

Two questions arise. What special property of the
system justifies the added cost of the periplasmic bind-
ing protein, when a simple carrier could transport the
substrate across the membrane? And why should the
substrate induce a conformational change in the bind-
ing protein, when the added binding force involved
impedes transfer of the substrate to the membrane
component [1]? The answer may lie in the asymmetry
imposed by the binding protein. The system facilitates
entry but blocks exit in both the energized and de-en-
ergized states (Eqn. 1), suggesting that the binding
protein fusictions as an inwardly directed valve, or
rectifier, preventing subsirate loss under all conditions.

The cffective measure of asymmetry is the ratio of
the maximum entry and exit rates, Vs and Vs, not the
half-saturation constants, K., and K‘, The constants
are actually related to one another through «, the
accumulation ratio [36]:

a= (Vs /Vs)/(Ks, /Ks) cl

Under conditions of passive transport where a =1,
Vb /Vs 50/K5 In systems dependent on binding
proteins, VS /Vs, > 1 (Eqn. 1) and therefore KS /Kb
> 1. With the substrate affinity far higher inside than
outside, the exit rate may be maximal, but even in the
de-energized system this maximum is very low.

An ordinary transport system involv.ng only a mem-
brane carrier can also e asymmetrical, but the asymme-
try involves the rate constants determining the uptake
ratio « and therefore depends on the energy state of
the system. In terms of the ordinary carrier scheme in
Fig 2, for example,

a=f fokik 5 /Cfif 2k _1ky) (10)

and the maximum exit and entry rates, VS and Vs , are
[37}

VS,=k‘lflf~2[C|]/{k~l(fl+f—2)+fl(f2+f~2)} (1)
Vs, =k _of 1 falCA/k o(f o+ 22+ fo(f2+ f2)) 12)
fq

Co —— Ci

fq
fa

CoS —— CiS
f.2
Fig. 2. The ordinary carrier model. The carrier alternates between
outward-facing and inward-facing forms, C, and C;, respectively.
External substrate adds to C, to form the external complex, C,S,
and internal substrate adds to C, to form the internal complex, C,S.
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Because a is high in active transport and cqual to unity
in a passive systera, de-energization can result in an
increased exit rate, with loss of accumulated substrate.
In a system involving a periplasmic protcin, asymmetry
depends on the conformational change in the protein
(governed by K and K,) and is therefore independent
of a (Eqn. 2).

Observations in accord with a valve function

(i) Bactcrial binding protein-dependent systems are
members of a larger family of transporters whose mem-
branc components are structurally related [8]. Included
are the import systems we have been considering, and
also export systems. Significantly, the binding protein
component is always missing in the latter, as would be
expected if the purpose of the binding protein is to
block exit.

(ii) Transport systems involving binding protcins that
are attached to the cytoplasmic membrane have been
discovered in Gram-positive organisms, which lack the
periplasm [38,39]. In the absence of a periplasm such
an arrangement might have been predicied. Even if
anchored adjacent to the membrane carrier, the bind-
ing protein could participate in the mechanism in Fig.
1.

(iii) A transport system that acts as a valve is likely
to be of advantage in organisms other than bacteria. In
agreement, systems dependent on binding proteins have
been found in fungi and various metazoans [40). The
evidence for a similar mechanism is best in fungi,
where water-soluble binding proteins involved in trans-
port have been extracted from the cell wall [41-44). In
mamnals, cobalamin transport in the intestine de-
pends on soluble binding proteins and could wvolve
such a mechanism [45).

(iv) Bacteria have two ways of pumping substrates
into the celi chemically unchanged: ivn-linked co-trans-
port, and transport involving periplasmic proteins. Hav-
ing two systems would be understandable if the func-
tions were different. Periplasmic systems, with sub-
strate constants of uM or less, scavenge substrates at
low concentration in the medium and build up steep
gradients across the membrane - greater than 107,
With the pressure to escape strong, an inwardly di-
rected value, which the binding protein supplies, might
be vital. Co-transport systems [2] have lower substrate
affinity, with half-saturation constants in the mM range,
and build up flatter gradients -- not above 2+ 10* - and
here a valve might be dispensed with,

Additional tests of the mechanism

(i) As noted above, mutants have been isolated that
carry ocut transport in the absence of a functional
bindirg protein, though with low substrate affinity.
Here, the analysis says, both exchange transport and

countcr-transport should be obscrved. This could be a
decisive test, not only of the reaction scheme in Fig. 1
and the idea that the binding protein functions as a
valve, but of all models, including those of Hengge and
Boos [2] and of Quiocho [9], in which only one confor-
mation of the binding protein — that of the substrate
complex - interacts with the carrier.

(ii) A crucial feature of the model is the inability of
the free binding protein, in its dominant conformatiori,
to add to the membrane carrier. The rates of cross-lin-
king between the two components [35] should be very
low in experiments with protein freed of all substrate
under denaturing conditions, and much higher with
protcin saturated with the substrate.

Energy input in active transport

The asymmetry of the mechanism is scen to be
independent of which steps are coupled to ATP hydro-
lysis {since ATP is not involved in the carrier scheme),
The kinetic trcatment does provide a guide as to how
encrgy could be used most ctficiently. The important
point is this: with too high a substrate affinity inside,
cxit soon balances entry and nct uptake becomes cx-
tremely slow. Energy should therefore be applied to
reduce the affinity of the inner carrier site. 1-\"5“ is
written above (Egn. 6), and l?s‘. the half-saturation
constant in cxit, is

g U /RR S U /R4 KK /G IRD)
~ LH(S /DU + DK /tk ([PD

In systems obeying Michaclis-Menten kinetics, the con-
stants for zero-trans entry and exit arc not independent
but arc related to the accumulation ratio a (Eqn. 9).
The coupled step, which increases « (Eqn. 2), should
be one that increases K /K and not Vg /s . ATP
could act dircctly on the internal site, converting the
inward-facing carrier from a high-affirity to a low-af-
finity form, and lcaving the VS/VS“ ratio unchanged
(Eqn. 1). Or it could act indirectly. In the mechanism
of Hengge and Boos (2], ATP converts the free carrier
from the inward-facing to the outward-facing form,
which could make f_,/f, large in the cnergized sys-
tem. As a result, the internal affinity would be weak-
ened (because K is proportional to (1 +f_, /f,)) and
the external affinity strengthened somewhat (Eqn. 6),
with little change in Vg /¥ .

Other interpretations

Other roles for the periplasmic binding proteins
have already been suggested. These will now be consid-
ered.

(i) The membrane component would be most effi-
ciently utilized if it were able to interact with binding



proteins for several different substrates. There would
then be a saving on integral membrane proteins but
little saving overall because the binding proteins are
many times more abundant than the membrane com-
ponent [2]. The mechanism is not feasible with widely
dissimilar substrates, since substrate transfer from the
binding protein to the carrier depends on the affinity
of the membrane site [1]. As expected, most systems
transport a single substrate. Joint systems are rare, but
have been reported in the case of branched-chain
amino-acids [3,46,47], and of histidine and arginine
[48].

(ii) The function of the periplasmic protein, it has
been suggested, could be to increase the substrate
affinity of a membrane carricr that binds the substrate
weakly [9]. One objection to this idea is that the
membrane component could itself have been sclected,
in an cvolutionary process, for high affinity. High affin-
ity does not impair translocation, and a simpler system,
without the periplasmic protein, would be more cco-
nomical. But given a system requiring a binding pro-
tein, there is a difficulty. Lowering the intrinsic affinity
of the carrier relative to that of the binding protein
(i.c., raising Kg relative to K) impairs transport in
any mechanism in which the substrate is transferred
from the binding protein to the membrane component
(Eqns. 39-4] in the preceding paper). At sufficiently
high Ky . uptake is completely blocked.

I: must not be concluded, either from the require-
ment for a binding protein, or from the low affinity of
mutants that work without a functional binding pro-
tein. that the intrinsic affinity of the membrane carrier
is low. The substrate half-saturation constant depends
on both the affinity and the accessibility of the sub-
strate site. Direct access to the site is blocked in
normal cells. In the mutant, which functions without
the binding protcin, the obstruction may be partly but
not wholly removed. The mutant system can be repre-
sented by the carrier model in Fig. 2, the half-satura-
tion constant for which depends on whether substrate
dissociation is a fast or a slow (rate-limiting) step, that
is, whether access to the site is free or hindered [37]. If
the step is fast, with k_, and & _, large rclative to the
rate constants for carrier reorientation, f,, f_, etc,
the substrate constant for uptake is

g _(l+f|/f,|)k 1/ky
S L+ fo/f

(14)

If the step is slow, with k£ _; < f, (as when access to
the outer site is made difficult in the mutant),
= N/ 007k

Jo o= 15
SNy ()

In the first case, the measured half-saturation con-
stant is proportional to k _, /k,, the substrate dissocia-
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tion constant for the outer carrier site. In the second,
the half-saturation constant is proportional o f,/k,,
which is much larger than &k _ /k, (since f,>k )
the measured affiniv therefore underestimates the true
affinity. In the wild type, where &k, and & _, are close
to zcro, the substrate constant will be too high to
measure in the absence of the binding protein, and the
maximum transport rate, being limited by k,, will be
extremely slow.

(iii) A related idea is that the concentration of the
protein-substrate complex may be higher than expected
from the kinetics of transport, and consequently that
the binding protein, having trapped the substrate, pre-
sents it in more concentrated form to the carrier [3]. In
fact, the binding protein is generally present at too low
a concentration to fully saturate the carrier, and may
thercfore have the opposite effect. Aside from this, the
conformational change in the binding protein, which
impedes substrate transfer {1}, would be a disadvan-
tage.

(iv) It has been suggested that the purpose of the
binding protein is to accelerate substrate diffusion
through the periplasm, an idea rejected by Hengge and
Boos [2]. The effect depends on a low solubility and
therefore low mass flow of the substrate, where the
amount diffusing can be increased by absorption to a
binding protein. As diffusion is slower with larger
molecules, passage of a freely soluble substrate would
be retarded by adsorption to the protein, Brass and
co-workers [33] suggested, as an alternative, that the
substrate might be rapidly passed from one molecule of
the binding protein to another, all the way from the
outer to the inner membrane. At the same time they
raised an objection to this hypothesis, which is that a
concentrated solution of the galactose binding protein
fails to increase the rate of substrate diffusion [49]. It
might be pointed out too that if the periplasm were
clogged by solid matter, as the hypothesis assumes,
channels should open up in the absence of binding
proteins, which make up one third of the protein
released during osmotic shock [2]). Further, if facilitat-
ing substrate diffusion were the only role of binding
proteins in transport, then spheroplasts and membrane
vesicles should show normal transport, and shocked
cells, with the protein missing, should be capable of
transport at higher than normal substrate concentra-
tions (because the substrates of transport systems that
do not involve binding proteins diffuse, unassisted,
through the periplasm at such concentrations). An-
other objection is that binding proteins are attached to
the cytoplasmic membrane in Gram-positive organisms,
which lack the periplasm, and in this circumstance it is
hard to see how the protein would assist the approach
of the substrate.

(v) The role of the binding protein could be to
capture substrate moiecules leaking out of the cell and
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to deliver them to the carrier for re-importation, reduc-
ing the rate of loss [3,50,51}. But the rate of loss
depends only on the concentration of the free sub-
strate, which, as Hengge and Boos [2] have pointed
out, is not affected by the binding protein. The situa-
tion is as follows. Let the rate of leakage across the
cytoplasmic membrane be a constant, L; let the rate
constant for diffusion across the outer membrane be k;
and let the rate of uptake into the cytoplasm by the
carrier system be V/(1 +K,,/ISD, where [S] is the
concentration of free substrate in the periplasm. Now
[S] will rise until the rate of escape across the outer
membranc and away from the cell, together with the
rate of re-entry into the cytoplasm, equals the rate of
leakage across the plasma membrane. In this steady-
state, the free substrate concentration is determined by
the equality

L=k{S)+V/(1+ K, /ISD (16)

and is therefore independent of the concentration of
the binding protein:

L=V =kKp £((V+ kK = L) +4kLK )"

(81= 2k

an

The total concentration of free and bound substrate
is of course greater than [S]. In the comparison of two
transport systems having the same V and K, one
involving a periplasmic protein and the other not, the
rates of substrate recovery by the cell, being the same
function of the concentration of free substrate in cither
case, v = V/(1 + K, /[S)), will be identical. The rate of
leakage across the outer membrane, meanwhile, is
k[S), which is independent of the binding protein be-
cause [S] is independent of the binding protein.

Conclusion

The first of these aiternative mechanisms applies
only to closely related substrates. The others do not
appear to be workable. None requires a binding pro-
tein capable of changing shape on addition of the
substrate, especially as the conformational change, by
hindering transfer of the substrate from the binding
protein to the carrier, would be a disadvantage.

A valve mechanism, on the other hand, demands a
conformational change that is both extensive, to enable
the carrier to distinguish the loaded from the unloaded
form of the binding protein, and abrupt, so that the
form required in exit is present at a very low concen-
tration. The conformational change is the price paid
for the useful asymmetry of the system. With the
conformation fixed (as P, with K, = K, =0), the ratio
of entry and exit rates depends solely on the rate
constants that determine the uptake ratio, «; that is,

the asymmetry introduced by the binding protein dis-
appears [1]. With the interactions reversed, and the
free binding protein but not the substrate complex able
to add to the carrier, entry rather than exit is blocked
by the binding protein [1].

Unexpectedly then, the model not only accounts for
the kinetics of transport but provides a reason for the
change in shape of the binding protein. The conforma-
tional change appears to be universal [3], and a mutant
protein unable to undergo the normal conformational
change was found to be inactive [52—54). The observed
transformation is so radical that one conformation, but
not both, might be expected to form a complex with
the membrane component [9).

In sum, the sckeme in Fig. 1 is in accord with much
experimental evidence on the structure of the system
[3,5] and in its essential features rescmbles models
suggested before [2,9]. It predicts kinetic behaviour not
scen in other types of transport system and not pre-
dicted by other models, namely uptake that appears to
be irreversible, and the absence of exchange and
counter-transport. It accounts for the substrate-in-
duced conformational change, for the high concentra-
tion of the binding protein and its weak association
with the membrane component, and for the depen-
dence of the substrate constants on the binding protein
concentration. It can account for Michaeiis-Menten
kinetics. In addition, the mechanism explains why bind-
ing proteins are not present in members of the family
of structurally related transporters that function in
export rather than import, and it shows how binding
proteins could function while attached to the cytoplas-
mic membrane in bacteria lacking the periplasmic
space.
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