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Abstract 

Mathematical modeling  was  used to  evaluate  experimental  data  for bacterial binding  protein-dependent  transport 
systems.  Two  simple  models were considered in which ligand-free  periplasmic  binding  protein  interacts  with  the 
membrane-bound  components  of  transport.  In  one,  this  interaction was viewed as  a  competition with the  ligand- 
bound binding protein, whereas in the  other, it was considered  to be a consequence  of  the complexes formed  dur- 
ing the  transport  process itself. Two  sets  of kinetic parameters were derived for  each  model  that fit the  available 
experimental results for  the  maltose system. By contrast,  a  model  that  omitted  the  interaction of ligand-free  bind- 
ing protein  did  not fit the  experimental  data.  Some  applications of the successful models  for  the  interpretation 
of existing mutant  data  are  illustrated,  as well as  the possibilities  of  using mutant  data  to test the  original  models 
and  sets  of kinetic parameters.  Practical suggestions are given for  further  experimental  design. 

Keywords: bacterial  transport;  computer  simulation;  maltose  transport;  mutant  proteins;  periplasmic  binding 
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A large amount  of  experimental  data is available  for  the  bind- 
ing protein-dependent  transport systems of  gram-negative bac- 
teria  (for reviews of these systems, see Ames, 1986; Boos & 
Lucht, 1995), but in the  absence  of  an  adequate  theoretical 
framework  that  can  be  applied  conveniently, it has  often been 
hard  to  know  how  to  evaluate it. As a result, key measurements 
have  sometimes been lacking, and  important conclusions missed 
or inadequately  substantiated. 

A schematic diagram of a generalized transport system (Fig. 1) 
illustrates the relevant molecular species and their minimal  func- 
tional  relationships.  The  modeling  studies of Bohl and  cowork- 
ers  (Bohl et al., 1995; Bohl& Boos, 1995) have illustrated  that 
some  experimental results (e.g.,  Manson et al., 1985) cannot be 
explained using a model  including only  the simplest associations 
of  the  molecular  components.  On  the  other  hand,  a  more  com- 
plete model  that allows for  more possible interactions is too 
cumbersome  for general  use. The  goal in the present paper is to 
determine  the simplest models  that  can be used to  explain  the 
available  data.  Two such models will be elaborated,  and  suit- 
able kinetic parameters derived  using the  experimental  data  for 
the Escherichia coli maltose  transport system,  primarily that de- 
scribed in Manson et al. (1985). 
~~ 
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Results 

Models used 

As a starting  point,  a generalized model of binding  protein- 
dependent transport was constructed that describes the wild-type 
system  as well as  those in  which the  membrane  components 
and/or  the binding  protein  have functional  mutations.  This gen- 
eral scheme (Fig. 2) is far  too  complicated  for  mathematical 
modeling  but  does assist both  in  the design  of simpler  models, 
and as a reminder  of their limitations. The framework was based 
on a number of considerations, including the following. (1) The 
transport  of ligand through  the  outer  membrane was not in- 
cluded, because of  indications  that  this  step is very fast (10's"; 
Wiegel, 1983). (2) Following Miller et  al. (1983), the  interaction 
of periplasmic binding  protein  (P) with the  small molecule li- 
gand  (L) was modeled  as  a single step,  although this is more 
likely to  be  a  two-step process  with ligand initially binding  to 
an  open  form of P that subsequently  closes, as illustrated in Fig- 
ure 1 (see references  cited in Mowbray, 1992, and  Olah et al., 
1993). (3) The binding  protein  has been considered to be a mono- 
mer (B.H.  Shilton,  unpubl.  data)  interacting with a single unit 
of the  membrane  transport  complex (M), as is consistent with 
the experimental data of Hor and  Shuman (1993). (4) Some  data 
(Dean et al., 1992) suggest that  at least two distinct forms of M 
exist in an  equilibrium  that is shifted  toward  M* in the  normal 
case by the  binding  of  the  PL  complex;  some  MalF  and  MalG 
mutants  are  able  to  transport  ligand even without  binding  pro- 
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Fig. 1. Schematic view of  the  components  of  a  binding  protein- 
dependent  transport system and  the  flow of ligand  into  the cell. Ligand 
(L) from  the  medium  enters  through  the  outer  membrane,  either by pas- 
sive or facilitated  diffusion (via a  membrane  porin, 0). On reaching  the 
periplasm,  L  can  bind  to  an  open  form of a  specific  binding  protein, 
P. P subsequently  closes,  giving rise to  a species that is recognized by 
a  complex of inner  membrane  transport  proteins, M .  This PLM com- 
plex carries  out  the  transport of ligand  across  the  inner  membrane in 
a  process  requiring ATP. Empty P is then  released  into  the  periplasm, 
where i t  can  bind  ligand  again  and  re-enter  the  transport  cycle. 

tein (MBP-independent  mutants)  and presumably  have  changes 
in the  normal  equilibrium.  These  mutants  also  hydrolyze  ATP 
in the  absence of ligand  (Davidson et al., 1992) supporting  the 
contention  that  ATP is used for  the  activation  (M  to M*) step, 
not  for ligand transport per se,  and  that  this  reaction  is, in at 
least some  cases, reversible. (5 )  Other  experimental  data  have 
suggested that  an  interaction between unliganded  binding  pro- 
tein  and  some  form  of  the  membrane  transport  complex  might 
occur  (Prossnitz et al., 1989; Davidson et al., 1992). For  com- 
pleteness, it should be considered that  any  form of  M might have 
an  affinity for P, PL,  or L,  but  those  already in complex with 
either PL or P are physically  unlikely to  bind a second P mol- 
ecule, and wild-type M  lacks  appreciable  affinity for free L (Shu- 
man, 1982; Treptow & Shuman, 1985). (6) Only a single form 
of  free P was considered,  although  both  open  and closed forms 
are expected to exist  in solution  (Jacobson et al., 1991; Flocco 
& Mowbray, 1994; Wolf et al., 1994). 

Models 1-3 (Fig. 2) were intended  to describe the events out- 
lined  in the general scheme in the  simplest  pathways possible. 
All ignore  any  M/M*  equilibrium  without  some  form  of P 
bound, which should  be well toward M  in the  case of  wild-type 
membrane  transport complex, and which will be  nonproductive 
in the  usual  situation.  In  addition,  they  combine  two physical 
steps  into k4,  and  assume  that  dissociation  of  PLM*  into  PL 
and  M* is disfavored.  The  step involving the hydrolysis  of ATP 
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Fig. 2. Models for  membrane  transport analysis as described in the  text. 
Components  are  identified  as in Figure 1;  complexes  are  indicated  by 
strings  of  two or more  letters. 

has generally  been assumed to  be  irreversible  and  rate  limiting, 
but  this  has  not been proven explicitly and  indeed is demon- 
strated below to be  indeterminate with the presently available 
data. Model 1 considers  only  the simplest interactions of P with 
L, and  PL with M,  whereas  Models 2 and 3 include  as well an 
interaction between P and  M.  Both  of  the  latter  describe  inter- 
actions  of P with any  form of M  (e.g.,  M or M*) as  PM  com- 
plexes only. In Model 2, the  interaction  of P with  M is viewed 
purely as a competition with the  ligand-bound  binding  protein, 
whereas in Model 3,  it is viewed as a consequence of the  trans- 
port  process itself. Models 1 and 2 are  identical  to  those  con- 
sidered by Bohl and  coworkers  (Bohl  et al., 1995; Bohl&  Boos, 
1995). 

Derivation of relevant expressions 

Using a treatment  similar  to  that  described  previously  (Bohl 
et al., 1995; Bohl & Boos, 1995), the  mathematical relationships 
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describing  the  reaction velocity and K,’s were derived. Briefly, 
a  system  of simultaneous  equations was set up,  each  represent- 
ing  the  steady-state achieved for a particular  reaction  compo- 
nent  during  measurements  of  the  rate  of  transport.  (A  steady 
state was assumed  because  transport  rates  remain  constant  for 
one  or  more minutes  in the usual assays; it was also  assumed that 
the  ligand  concentration in the  periplasm is constant  and  equal 
to  that in the  medium.)  Solution  of  these  relationships, in con- 
junction with mass  balance equations  for  the  two  proteins, gave 
rise to  expressions  for  [PLM] in terms  of  the kinetic constants 
( k , ,   k - ,  , k2,  k-2,  k3,  k-,, and k4)  and  concentrations of total 
protein ([M],,, and [P],,,) and  free ligand  ([L]) (see Supplemen- 
tary  material in the  Electronic  Appendix). 

The velocity of transport (0) is defined  as  the  rate  at which 
L crosses the  membrane  at  the k4 step and is equal  to  k4[PLM]. 
In all three  models,  this  rate  reaches a maximum (I&) at 
k4[PLM],, = kcu,[M],OI. In Models  1 and  2, [PLM],, = [MI,,, 
and  the  catalytic  constant kc,, = k4. In Model 3, [PLM],,,  is less 
than [M],,,, equaling [ k - , / ( kP3  + k4) ]  [MI and so kc,, = 
( k - ,   k4 ) / (   k - ,  + k4 ) .  Both k-3 and k4 will therefore be greater 
than k,, in that  model. 

K,n lLI  was then  derived by finding  [L]  (as a function  of 
[P],,,) at half the  maximum velocity. Similarly, KmIp,,,I  repre- 
sents  the [P],,, that  would give rise to  a  velocity  half the  maxi- 
mum possible for any given [L]; [PI,,, was  used instead of the 
conventional  free P concentration, because only  the  former is 
an experimentally  measurable  quantity. 

The  general  expressions  for velocity and  the  two K,,,’s are 
not  shown  here  because  they  are extremely large,  although  the 
system is easily manipulated with the  program  Mathematica 
(see Supplementary  material in the  Electronic  Appendix).  Ex- 
pressions  for  two  useful limiting cases, K,lL1 at  infinitely high 
[P],,, (defined  as K,lL.,pI) and  KlnlPfolI   at  infinitely  high [L] 
(Kll[P.fLl),  are: 

Model I 

Model 2 

KmlL-iPI = 
k-1 k3 (k-2 + k4) 

k l  k2  k - 3  

B. H .  Shilton and S .  L. Mowbray 

Model 3 

where the  dissociation  constants  for  various  interactions  are: 
Kd(L1 = k P l / k l ,  KdlpL, = k P z / k z ,  and  Kdlp l  = k_, /k3.  Note 
that  Equations 3 and 5 approach  zero  as  Kdlpl  becomes  large, 
that  is,  as  the  affinity between the  membrane  complex  and  the 
unliganded  binding  protein  decreases,  Models 2 and 3 both be- 
come  more  similar  to  Model l .  

In  both  Models 2 and 3 ,  substitution of K,,,ll..,p, into  the 
K,,,I P., , I equation gives: 

and by rearrangement: 

which gives a value for k l k _ 3 / k - l k 3 ,  if K,Ip-,LI,  K,,lL.fPI, 
and [MI,,, are  known,  and  defines [M],,,/2 as a minimum  for 
K,,,p.,LI  (because Kdlpi/KdlLI cannot  be negative). 

Rearrangement of the K,,lp.;LI equations gives: 

in Models 1 and 2 (from  Equations  2A  and  4A),  and 

in Model  3 (from  Equation 6C). Where K,(P.;L), [MI,,,, and k4 
(or kcu,) are  known,  Equations 9 and 10 can be used to give 
lower  limits for  the  value of k2 (because k-2 must be 20). 

Estimation of kinetic parameters from data 
for the wild-type maltose system 
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greatest expected number of membrane  transport complexes (M) 
per cell (100-1,000; Shuman, 1982). Because  it is a first-order 
rate  constant  related  to  the  membrane  transport  complexes, it 
is dependent  on  their  number,  not  on  their  concentration. If 
there  are larger or smaller amounts of membrane  transport  com- 
plex, a smaller or  larger kc,, would  be  required,  and  other  pa- 
rameters would need to  be  adjusted  to fit the experimental data. 
It should  also  be  pointed  out  that,  because  this  parameter  rep- 
resents  several discrete physical steps,  including  that  involving 
hydrolysis of ATP, it may well vary  with  the energy state of the 
cell, as is consistent with the  experimental  data  of Kehres and 
Hogg ( 1  992). 

Absolute velocity 
A maximum  absolute velocity in normal cells can be calcu- 

lated using the  measured  rate of  transport  and  estimates  for  the 
volume  of  the  periplasm.  Assuming  that E. coli is 1 pm in di- 
ameter  and 2 pm  long, its surface  area is approximately 8 x IO6 
nm2.  If the  periplasm is on  average 7.5 nm  wide,  this  would 
give the  volume of the periplasm of a single cell as 6 x L. 
If there is a maximum of 2.4 nmol  maltose  transported by 10' 
cells per minute, a rate of 0.0067  M s" is obtained  as  an  ap- 
proximation  for  the  absolute V,,, of  transport.  This  value 
might,  however, be lower if alternate values  of the  periplasmic 
dimensions (Oliver, 1987; van Wielink & Duine, 1990) are used. 
I t  might  also  be higher i f  the  entire  volume  of  the  periplasm is 
not  available,  as  for  example if the  transport systems are clus- 
tered at  the poles of the cells as is suggested by the  data of Mad- 
dock  and  Shapiro  (1993). In these  cases  other  "known" 
quantities  would need to be adjusted in proportion,  and  the  pa- 
rameters derived would  differ  somewhat, as illustrated  below. 

Total protein concentrations 
Maltose-binding  protein  (MBP)  has been estimated  to  be 

present in normal cells after  induction  at a level of  30,000  mol- 
ecules per cell (Shuman, 1982). If the  available periplasmic vol- 
ume is 6 x L, [MBP],,, (i.e., [PI,,,) would  be maximally 
1 mM. If there  are 1,000 membrane  transport  complexes, this 
would give a value  for [MI,,, of 35 pM.  Although  the  concen- 
tration of a membrane  protein is in reality  a two-dimensional 
property,  the  inner  membrane complex is treated for  the present 
purposes  as a  "three-dimensional" protein  that  does  not  diffuse. 

Diffusion limit for k2 
Simple  diffusion  calculations suggest  a maximum  for  the ex- 

pected  rate of collision of MBP with the  inner  membrane  com- 
plex,  i.e., k2. Assuming that  only  MBP  (and  not  the  membrane 
complex) is diffusing,  and using the  Arrhenius  equation: 

rate = 4 ~ ( r , ) D ~ N ~ / 1 , 0 0 0 ,  

where re is the  encounter  distance  (estimated to be 5 nm, 
roughly twice the  radius of gyration  of  MBP), Dp is the  diffu- 
sion constant  for  MBP in the periplasm (3 x 10-l' cm2/s; Brass 
et al., 1986), and NO is Avogadro's  number, a  value of 1.1 x 
I O 6  M" s" is obtained. 

Michaelis constant f o r  maltose 
The values of K m I m a l l  (i.e., KmlLl for  this case) at [MBP],, 

up  to  the  normal induced level have been reported for whole cells 

by Manson et al. (1985) and  are  shown in the plot  in Figure 3A. 
It was determined empirically that  the  data give an excellent non- 
linear fit to  an  equation  of  the  form: y = a/x + b (in this case, 
Kmlmal l  = 7.41839 X IO" + (2.04909 X 10-ll)/[MBP],,,),  in- 
dicating  that Km(mal.;MBpl (i.e., Km(L.rpl for  this case) is ap- 
proximately 0.74 pM. 

Dissociation constant f o r  maltose 
The  dissociation  constant  for  binding of maltose to  MBP, 

Kdlmal l  (i.e., KdlL , ) ,  is equal  to k - , / k l ,  and  has been measured 
as 1-4 pM  (Schwartz et al., 1976; Szmelcman et al., 1976; 
Richarme & Kepes, 1983), a value that is in good agreement with 
individual  estimates of k l  (2.3 x lo7 M" s-l ) and k P l  (90 s-') 
from  fluorescence  spectroscopy  (Miller et al., 1983). 

Michaelis constant for  MBP 
The  estimation  of KmlMBPIorl (i.e., K m I P t o r I )  is somewhat 

problematic, because previous studies have apparently not taken 
into  account  either  the  fact  that  this  quantity will be  dependent 
on [mal] or that a double  reciprocal  analysis  of I / u  versus 
I/[MBP]  at  any given ligand concentration yields a nonlinear 
plot. Despite  these problems,  the values  of K,nlMBProrl reported 
to  date  are comfortingly close to each other-90  pM in vivo with 
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Fig.  3. Agreement of the  predicted  curves for Model 1 (dashed  lines) 
and  Model 2 (solid  lines),  with  the  experimental data. Values used for 
Model 1 were: k ,  = 1.8 x 10' M" s- ' ;  k k ,  = 360 s - ' ;  k2 = 4 x IO6 

case 1 in  Table 1. A: KmImaII at various [MBP],,,; experimental  data re- 
ported by Manson  et  al. (1985) are  shown as open  squares. B: 
K,,IMBP,o,I at  various  [mal];  experimental  data  were  extracted  from 
Manson  et  al. (1985) as  described  in  the  text  and  are  shown  as  open 
squares. 

M-1 , kk2 = 64 S C ' ;  k4 = 230 s c l  and  those for Model 2 were from 
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33 pM maltose (Manson et al., 1985) and 25-50 pM in an in  vitro 
vesicle system  with  10 pM  maltose  (Dean  et  al., 1992). 

In  practice,  the K,,,Ip,,,l at a  given ligand  concentration  can 
be  estimated  from a u versus [P],,, plot by finding [PI,,, that 
gives rise to  half the  maximum velocity for  that  [L]  (the  maxi- 
mum  occurring  at  infinite [P],,,). These  maximum velocities 
were therefore  estimated  as  carefully  as possible from  the  non- 
linear l /v  versus l/[MBP]  plots  for  the  data  extracted  from 
Manson et al. (1985), and  checked  for consistency by graphing 
them versus l/[mal]  (a  plot  that  should be linear  according  to 
both  Models 2 and  3, with a slope of KmlL- ip l /  V,,, and an in- 
tercept  of 1/VmUx).  The  estimate  for K,l,aI.,MsP] obtained in 
this way (0.7 pM) is in good agreement with that obtained above 
from  the  empirical fit of  the KmImall data. Knowing the  maxi- 
mum velocity at  any given concentration of maltose, it is then 
possible to  determine  the  concentration of MBP  that gives rise 
to half  that  rate  of  transport.  The resulting K m ( M B p r o r l  esti- 
mates  at  different  concentrations of maltose  are  plotted in  Fig- 
ure 3B. A good  empirical fit of  these  points  to K,, , lMBprol,  = 
0.000090961 + (2.6582 x lO-")/[rnal] suggests that K m f M B p . , m a l l  

(i.e., KmIP.,LI for  this case) is approximately 91 pM. 

Fitting additional  parameters in the models 

Model I 
Neither  the Kmlmall nor  the K m l M B p , o , l  data  could be fitted 

using this model;  the type  of  behavior found is illustrated  in Fig- 
ure 3. In  Figure 3A, adequate  agreement is seen for K,nl,aIl at 
the lower concentrations of binding  protein,  but gross disagree- 
ment at  the highest level. Because the latter represents the  normal 
wild-type situation  for which  most data exist, its failure  must be 
considered a fatal flaw in the model. Even with strains that over- 
produce wild-type binding  protein  many-fold,  the K,nlMBP.,mall 
has  not been observed  to  decrease  substantially in the  manner 
predicted by Model  1 (H. Shuman,  unpubl.  data).  In Figure 3B, 
the  behavior of KfnlMBPlorl is seen to  deviate  most  strongly  at 
lower  concentrations of maltose.  The  parameter set in this il- 
lustration was chosen to  minimize  the  discrepancies in the  two 
plots  and so must  be  considered a  best-case scenario. 

Model 2 
A situation  where  the  entire  periplasm is available  to  both P 

and M was  considered (case 1) as well as  one  where  both  bind- 
ing  protein  and  membrane  transport  complex  are  concentrated 
fivefold  at  the poles of  the cell (case 2 ) .  The expected absolute 
velocities and K m ~ M B p r o r l  will be greater by a factor  of five in 
the  latter  case. 

The  estimate  for k,, gives a value for k4 in this  model. Equa- 
tion 8 dictates a value  of k ,  k -3 /k - l  k3 of 99 in  case  l and 497 
in  case 2, allowing k-, to  be expressed  in terms of k l  , k P l ,  and 
k,. A  lower limit for k2 of  3.2 x lo6  M-' s-' f or case 1 and 
6.3 X 10'  M" s-l in case 2 can  be  obtained  from  Equation  9, 
by setting k-* = 0 and  rearranging.  (If k4 is larger than 230 s-', 
e.g., because fewer molecules of membrane complex are present, 
k2 would need to  be even larger.)  With  this  same  information, 
an  expression  for kP2 in  terms  of k2 and k4 can  be  derived. 
Somewhat  simpler  formulae  can  then  be  obtained by substitut- 
ing these  relationships  into  the  general  expressions  for K,,,I,alI 
and K,nlMBPlot l '  

Any  combination of k2 and k-2 values that fulfills Equation 9 
works in identical  fashion in the  system; K d I M B p . m a l l  (Kd(pLI = 
k -2 /k2 )  is therefore  not  completely  determined.  In  both cases 
given, a pair was chosen  that gave a k2 value  just  above  the 
minimum allowed (because it is already at  or near the  diffusion 
limit); the resulting k_2 values were roughly 20 S - I  and were ar- 
bitrarily set to  that value to simplify comparison. Even small in- 
creases  in  the k2 values require  quite  large increases in k-2 for 
the necessary relationships to  hold. Because only the  ratio of k3 
to k-, and  not  their  absolute  magnitude is important, k3 was 
arbitrarily set to  be  equal  to k2. When these substitutions  are 
made  into  the  more general expression  for KmImaIl, only k ,  , 
k - ' ,  and [MBP],,, remain. If the  further  assumption is made 
that Kdlmall  is 1 pM,  i.e.,  that k - ,  = k ,  x M, a  value  of 
1.8 X 10' M-l s-' is required for k l  and 180 s-l for k- '  to 
match  the  experimental Kmlmal1's. KdImall's even as high  as  3  pM 
are  not allowed without k ,  and k P l  substantially  larger  than  the 
experimentally  determined values  (Miller  et al., 1983). 

Model 3 
Only  the  situation where the  entire  periplasm is available  to 

both P and M is considered  here. 
A lower  limit of 3.2 X lo6 M-' s-' is obtained for k2 from 

Equation 10, by setting k-2 = 0 and  rearranging. As  in Model  2, 
the value  of k-2 is related to  that used for k2,  and so K d l M B p . m a l l  

is not  determinate. 
The  catalytic  constant, k,.,,, is in this  case ( k _ , k 4 ) / ( k - ,  + 

k4). Because kc,, is assumed  to  be 230 SKI, and  both k4 and k-, 
must be positive  real numbers,  each  must be at least 230 s - ' .  
Equation 8 dictates a  value for ( k ,  k _ 3 ) / ( k - l k 3 )  of 100, allow- 
ing k- ,   to  be expressed  in terms of kl, k - ,  , and k3 as before. 
Combined with the  knowledge  that k _ , / k ,  is on  the  order  of 
1 pM, these expressions  dictate  that k, must  be  at least 2.35 X 

10' M" s - '  . As it seems  physically  unlikely that k, will be 
greater  than k 2 ,  the  former  constant is most  probably in the 
range of 2.35 X lo6  to 3.4 X lo6 M-I s - '  (the latter value based 
on  analogy  to  Model 2 and  remembering  the  estimated  diffu- 
sion  limit); these two limits were  used to  elaborate  cases 1 and 
2. Again, simpler formulae were obtained by substituting  the 
known  relationships  into  the general  expressions for KfnlLI and 
K,,,lProrI. Because  it is known  that k- ,  is approximately  equal 
to k ,  x lo-' M ,  the  experimental values of KmIMBPIorI  deter- 
mine  that k l  is on  the  order of  2 x 10* "' s- ' .  As for  Model 
2,  larger values for Kdlmall are  not  allowed.  As  case 2  illus- 
trates,  smaller values of k, rapidly  dictate values of k4 that 
seem rather  large  for a chemical  step  (the  average  enzyme  op- 
erates  at a rate  of  around 20 s-I; Walsh, 1979). In addition,  the 
ratio of K d l M B p l  to KdlMBP.mall suggests that  this  parameter set 
is less likely,  because the liganded binding  protein would be ex- 
pected to  have a higher  affinity. 

Trial parameter  sets 
The  four  sets of parameters  obtained  from  these  analyses  are 

shown in Table 1. The  agreement of the  model  curves with the 
experimental data is illustrated for Model 2 (case 1) in  Figure  3A 
and B; the fit to  the  other  parameter  sets is essentially identi- 
cal. The predicted absolute velocity for 1 mM  concentrations of 
MBP  and 33 pM  maltose (the maximum  concentrations used by 
Manson et al., 1985) are 0.0073  M s-I for all  except Model 2 ,  
case 2, where it is 0.0365 M s", in good agreement with the ex- 
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Table 1. Parameter sets giving good fits  to the experimental data for  the maltose 
transport system in Models 2 and 3, derived as explained in the  text 
- 

Model  2,  Model  2,  Model  3,  Model  3, 
Parameter  case  1  case  2  case 1 case  2 

1.8 x lo8 
I80 

3.4 x lo6 

3.4 x lo6 
20 

338 
230 

35 
1,000 

1 
5.9 

99 
16.9 

1.8 x lo8 
180 

6.8 x lo5 
20 

6.8 x lo5 
338 
230 
175 

5,000 

1 
29 

497 
17.1 

2 x 108 
200 

3.4 x lo6 
62.4 

3.4 x lo6 
338 
72 1 
35 

1,000 

1 
18 
99 

5.4 

2 x IO8  
200 

3.4 x 106 
1361 

2.35 x 10‘ 
233 

15,733 
35 

1,000 

I 
400 

99 
0.25 

perimental  values. Note  that  the rate-limiting  step cannot be de- 
termined  with  the  available  experimental  data: in Model 2, k4 
(the  ATP-consuming  step) is rate-limiting,  whereas in Model 3 ,  
it is kP3 (the  dissociation of the  PM  complex). 

Evaluation of mutant results 

Functional  mutations  can  affect  the  binding  of  transport  com- 
ponents,  the efficiency  with  which  they work  together, or both. 
Given the experimental  behavior  of mutants, it is possible to uti- 
lize Models 2 and 3 to  suggest  which properties  are  most likely 
to  be  affected,  as well as  to test the  models  and  parameter sets 
that  have been derived.  It  should be stated  that  the simple mod- 
els may  not  be  appropriate  for  use with mutants of the  mem- 
brane  components  that  disturb  the binding  protein-independent 
M ++ M*  equilibrium  (as is  likely to  be  the  case  in  MBP- 
independent  mutants)  but  ought  to  be  useful  for  other  types of 
mutations of either  binding  protein or membrane  components. 

The  parameters k,   and  k- ,  determine  the  affinity of binding 
protein  for  ligand,  with KdlLI  = k - , / k , .  Equations 3B and 5B 
illustrate  that in Models 2 and 3, effects  on KdlLl have directly 
proportional  effects  on KmlL.ipl; this  statement is true in the 
general  case  of KmlLI, as well. Thus, if both KmlLl and Kdlrl 
are  measured, it is possible to correct the KmlLl values for k ,  or 
k - ,  effects,  allowing  changes in other  kinetic  constants  to  be 
seen more  clearly.  That is: 

where the  “mut”  and  “wt” suffixes  refer to  the  mutant  and wild- 
type  properties, respectively. 

Changes  in  the  affinity  of  ligand-bound  binding  protein  for 
the  membrane  transport  complex (KdlpLl) through  mutations 
in  any  of  the  proteins  are expressed as  effects in k2  and/or kPz. 
It is likely to  be a common  feature of these  mutations  that  k, 
and/or k- ,  will also  be  affected.  Some  mutations  might  of 
course  affect  alone. 

Decreases  in the efficiency  with  which the  membrane  trans- 
port  complex  and  the  binding  protein  work in concert will be 
reflected  in decreased values for k4 .  Somewhat  counterintu- 
itively,  decreases  in k4 are  predicted  to result  in  decreases  in 
both K,,,lLl and K,,,lp,,,I in  all of  the  parameter sets presented 
here except Model 3 ,  case 2. 

If  the kinetic parameters  for  any given mutant  and wild-type 
system  were known, it would be simple  to use the  two  models 
to  predict  the  changes in experimental results for  that  mutant. 
In  practice,  changes in the  experimental  behavior will be ob- 
served without initially knowing  what  changes  in kinetic param- 
eters they reflect.  The most productive  approach  then will be 
that of looking  for  characteristic  relationships between  experi- 
mentally measurable  quantities  as a  means  of  establishing which 
kinetic parameters  are  affected.  The  most useful  plot for a  pre- 
liminary analysis is V,,,,, versus K m l L l ,  because  these quantities 
are  both  obtainable in vivo. The  formulae  for K,,,(L.,pI in Equa- 
tions 3 and 5 can be used cautiously  for  this  purpose, a proce- 
dure  that is likely to  be  safest  for  mutants with overproduced 
binding proteins. (It should be remembered both that the Km,pfofl 
may be dramatically  increased,  and  that  mutation  may result  in 
less protein being produced, either  of which might  invalidate the 
assumption of saturation;  the  latter  should,  of  course,  be 
checked by  gel electrophoresis.) The predicted  behavior  of  malt- 
ose  transport system mutants where different kinetic parameters 
are  altered is illustrated in Figure 4A-F. Both  for ease of  com- 
parison  and because the  absolute  magnitude of transport veloc- 
ity  is not really known in  vivo  (as  discussed above),  the Vm,, 
values have been normalized to  those of the wild type. Although 
K,,Ip,,fI is not easily measured in  vivo, the results of the V,, 
versus K,,,lLI plots  can  be  checked  with  the  formulae  for 
K,,,Ip-,Ll to  ensure  that  the  assumption of infinite [PI,,, has not 
been substantially  violated. 

Alteration of different kinetic parameters gives rise to distinct 
patterns  of effects. This provides the  potential  to  determine  the 
nature  of  particular  mutations  and  to suggest the model and  pa- 
rameter set likely to be appropriate  for  the system as a whole. 
That  these  goals  are feasible for real mutations is illustrated by 
the  experimental  data  for  the related ribose  transport system  in 
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Figure 5 .  Figure 5A shows  a  plot of the V,,, and K,n,ribl mea- 
surements  obtained with various  mutants of the ribose-binding 
protein  (drawn  from Binnie  et al., 1992). After  correction  for 
&[rib1 (that  is, k ,  or k - , )  effects using Equation 11 (Fig.  5B), 
the  data for most  of the  mutants show the characteristic pattern 
of  k4 changes  illustrated in Figure 4A (all  cases but  Model 3, 
case 2). (A large amount  of  scatter in the  plot is not  surprising 
given the combined errors of three experimental  measurements.) 
A similar pattern  of  apparent k4 effects  has  also been observed 
for  the  arabinose  transport system (Kehres, 1992), but  without 
accompanying  changes in Kdlaral.  Two  "outliers" in Figure 5B 
show  different types  of  changes. One  shows  a decreased Kmlribl- 
corrected with  little difference in Vmux, consistent with a  muta- 
tion  affectingKdIpI  (that is, k3 or k-,; either  Model 2 or Model 3, 
case 1 ,  in Fig. 4D, E, or F). The site of this  mutation (I1 11R) 
is o n  the  surface of the  protein,  but  outside  the  actual region  in- 
volved  in transport  interactions,  based  on  the  location of other 
mutations  affecting  transport; it is also  distant  from  the  sugar- 
binding  site.  Effects on Kdlpl would,  however,  agree with the 
observation  that  mutation of this  residue causes an increase  in 

(i.e.,  weaker  binding)  and  had been speculated to   do  so 
by stabilizing an  open  form of the  binding  protein  (assuming 
that it is the closed form  that  competes  for M). A second out- 
lier with greatly  decreased V,,, but little change in K m ( r i b ) -  

corrected is most likely the result of  an  altered k4 together with 
some  other  difference,  probably  one  affecting KdlpLl (compare 

with Fig. 4A,B,C). The site of this  mutation (G134A) is also 
somewhat  special, in that  X-ray  structural  studies  (Bjorkman 
et al., 1994) have  implicated it as  a  location  at which the  main 
chain  of  the  binding  protein is likely to  be involved in inter- 
actions with the  membrane  transport complex. The availability 
of the  equivalent  type  of  data  for  the  maltose system would  al- 
low a  similar  analysis  for  mutants  in  that  system. 

More  sophisticated  experiments  can  be  carried  out in an in 
vitro vesicle system (Dean et al., 1989), which would allow  bet- 
ter  control of the  protein  and ligand concentrations,  and  there- 
fore  routine  measurement of KmIMBPtorl as well as Kmlmal, .  
However,  the basic behavior  of  that system will need to be es- 
tablished  more  firmly;  although  the KmlMBplorl (Dean et al., 
1992) is indeed  similar  to  that  measured in  cells, more  data  are 
needed (e.g., K,,,I,,,I experiments)  to be certain whether  this is 
really due to similar  kinetic constants or merely coincidental. 

Discussion 

The present  study was begun soon  after we initiated  X-ray  struc- 
tural  work  on  a  mutant  of  the  maltose-binding  protein.  It was 
realized almost  immediately  that, even  with known  structures 
of  many mutants, it would be very difficult to explain  their  phe- 
notypes in the  absence  of accessible models for maltose  trans- 
port.  The  resulting  models  have given us a much  broader 
understanding  of the ways in which physical events may be man- 
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Fig. 5.  Behavior of the  ribose  transport  system  with  mutations in the 
binding  protein,  calculated  from  data  presented  in  Binnie  et  al. (1992). 
A: Knox of transport versus K,nlrlbl; both  values  have been normalized 
to  that of the wild type. B: The  same  data  where  each K,n(ribl has  been 
corrected  for  changes in Kdlr,bl using  Equation 11. In  the  latter  plot, 
mutants  that seem to  show  a  predominant k4 effect  are  shown  as filled 
squares,  and  two  others  as  open  squares.  Wild-type  result is shown  as 
“X” in both  plots. 

ifested  in the  behavior of the  experimental system. These  stud- 
ies provide further  support  for suggestions that  both ligand-free 
and  ligand-bound  forms of  binding protein  can interact with the 
membrane  transport  complex  (Prossnitz et al., 1989; Davidson 
et al., 1992; Bohl et al., 1995; Bohl& Boos, 1995; Boos & Lucht, 
1995). This  competition has important consequences for  the be- 
havior of the system, allowing it to remain responsive to changes 
in ligand  concentrations  over  a wide range of binding  protein 
concentrations  (a  critical  feature in a system  where the  binding 
protein is inducible  and  therefore present at  fluctuating levels). 
In  Model 2, the  ligand-free  protein is effectively a competitive 
inhibitor,  and in Model  3  the  interaction  also  has  aspects  of 
product  inhibition.  The  observation  of  Davidson et al. (1992) 
that  the  addition  of  MBP in the  absence of maltose  results in 
a rate  of  ATP  hydrolysis  roughly  1/10  that  found  in  the  case 

where  both  MBP  and  maltose  are  added  to  the wild-type mem- 
brane  transport  complex  argues  that a competitive  interaction 
like that  described in Model 2 does  occur  and agrees with  the 
ratio of liganded  and  unliganded  MBP  affinities suggested by 
that model. On  the  other  hand,  the scenario  described by Model 
3  must exist, by virtue  of  the  transport  mechanism  itself; it is 
not  clear,  however,  that it will be  a kinetically distinguishable 
step.  Furthermore,  the present data  do  not allow a decision 
about which parameter set for  either  model  might be most use- 
ful  for  the  maltose  system,  although  Model  3, case 2,  appears 
less likely than  the  other  parameter sets. Additional experimen- 
tal  data  are  obviously  required  to  determine which model will 
be  most  appropriate,  and  indeed  whether or not  some localiza- 
tion  of  the  transport  proteins in the  periplasm is an  important 
feature. 

Both of the simple  models  provide a good  explanation  for  the 
in vivo data of the wild-type maltose  transport  system.  How- 
ever,  what  applies to  the  whole cell may  not be satisfactory  for 
the vesicle system;  better  measurements  of  protein  quanti- 
tieskoncentrations  and  other values are clearly desirable for  fur- 
ther  characterization  of  both systems. It is worth  a  reminder in 
this  context that K m l L l  (the  concentration of L  that gives rise to 
half-maximal  transport) is not  the  same  as K d l r l  (the  dissocia- 
tion  constant),  and K,,,,,,, is not  the  same  as K d l P t o r I ,  that is, 
activity  does  not necessarily  reflect affinity.  Careful  measure- 
ments  of all  of  these quantities  are  needed  for  the results to  be 
meaningful.  In  addition,  the use  of “standard”  concentrations 
of either  ligand or binding  protein for  comparison  of  the effects 
of  different mutations is fraught with danger in a situation where 
both K,,,lLl and K,n~P,ot l  may  change with mutations,  and in 
ways that  are  not intuitively obvious. 

The k ,  and k k ,  required  to  fit  the  transport  data in any 
model  are similar to  the values measured in solution (Miller 
et al., 1983) and  are in good  agreement with the  measured 
K d l m a l l  (Schwartz et al., 1976; Szmelcman  et  al., 1976; 
Richarme & Kepes, 1983). The value of k2 in all cases is re- 
quired  to  be  as  large  as  that  predicted  from simple calculations 
based  on  the  measured  diffusion  of  MBP in the  periplasm 
(which consider collision only). The fact that these  estimates are 
so similar suggests that  some  means  of speeding up  this associ- 
ation, such as  two-dimensional  diffusion  along  the  membrane, 
is not necessary. The  fact  that a true  upper limit for k2 cannot 
yet be determined unfortunately means that a wide range of val- 
ues are possible for K d l p L I .  In vitro  studies seem to  offer  the 
best hope of  resolving this  ambiguity. 

It  is ironic that, because K d l P l  can be determined in the  mod- 
els in the  present  study, whereas K d l p L l  cannot,  the relative 
strength  of these two  interactions is not  known (see Table 1). It 
is also  not clear whether it is an  open or a closed form  of ligand- 
free  binding  protein (such as  those  observed  for  the  related 
glucose/galactose-  and  histidine-binding  proteins;  Flocco & 
Mowbray, 1994; Wolf et al., 1994) that is competing.  Although 
small  angle  X-ray  scattering  studies  show  that  the closed form 
is rare in the  absence of ligand  (B.H.  Shilton,  unpubl.  data), it 
seems more likely to  compete effectively  with the closed ligand- 
bound  form.  Alternatively,  the  interaction of the  ligand-free 
protein  may  be  based  on  a single domain  of  MBP  and so be in- 
dependent  of  the  open or closed state.  It  should  also be noted 
that in the  present  formulation  of  the  models, k3 and k 3  re- 
flect the apparent affinity  of  the total population of the  un- 
liganded  MBP  and  make  no  reference  to  any  subpopulations 
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with differing  affinities. If only  a single species of ligand-free 
binding  protein  interacts  appreciably (e.g., the closed one), the 
apparent Kdlpl will  be dependent on the fraction of the “active” 
species as well as its true affinity, such that: 

KdIpl-apparent = KdlPl-true * ( 1  + KO,), 

where K ,  = [open]/[closed]. The same Kdlpl-apparent might 
thus be obtained with a  rare, tight-binding form as with a  more 
common,  but weaker-binding, form. 

Different classes of mutations can be seen to give rise to dis- 
tinct patterns  of effects on measurable experimental properties. 
The most useful plot for a preliminary analysis would seem to 
be V,, versus a value of KmlLl corrected for effects on ICdrLl.  

Whole cell studies in the related ribose- and arabinose-binding 
transport systems suggest, for instance, that most of the bind- 
ing protein mutants  that have been isolated are primarily affect- 
ing k4. Mutations of the former  protein are much more likely 
to be accompanied by alterations in KdlLl  as well,  which  is con- 
sistent with the closer interactions of the two  domains in the 
ligand-bound form in that case. The  actual  surface of both of 
these binding proteins that is  involved in binding the membrane 
complex may therefore be larger than has been previously pro- 
posed. Mutations outside this region, which  were categorized as 
silent based only on  an analysis of Vmux. may show K d l p L l  ef- 
fects on closer analysis. Kehres (1992) pointed out  the relation- 
ship between V,, and KmIaral earlier, also attributing it to a k4 
effect, but because the association of ligand-free binding pro- 
tein was not considered in that study, the mathematical relation- 
ships derived do not  appear to be generally applicable. An 
analysis of two other mutations of the ribose-binding protein 
sheds new light on  other experimental observations. 

The obvious goals in modeling studies of this type lie both in 
the explanation of existing experimental data  and in offering 
new directions for the acquisition of additional information. The 
parameter sets presented here are viewed as a useful starting 
point from which future work with both wild-type and  mutant 
proteins  can begin. The latter studies seem to provide a means 
of distinguishing between different models and parameter sets, 
as well as of suggesting which properties are mostly likely to be 
affected by any  particular mutation. 

Materials  and methods 

The program  Mathematica for  the Macintosh (Wolfram Re- 
search,  Champaign, Illinois) was used for most mathematical 
manipulations and bookkeeping.  Derivations and machine- 
ready versions of the final expressions are  found in the Elec- 
tronic Appendix. Sample scripts and examples of analyses using 
Mathematica are also available by request from  the  authors. 

Supplementary  material  in  the  Electronic Appendix 

Subdirectory  Shilton.SUP of the  SUPLEMNT directory in  the 
Electronic Appendix contains  a Microsoft Word file explaining 
the derivations for Models 1, 2, and 3. Also provided is a text- 
only file that can be read directly into Mathematica. It contains 
general expressions for Models 1, 2, and 3: [PLM], [MI, u .  
KrnlLlr KmfPtorl. 
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