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Abstract

wAn experimental study of kinetics of peptide binding to MHC proteins S. Witt, H. McConnell, Acc. Chem. Res. 26
Ž . Ž .x Ž1993 442 and references therein showed an unusual phenomenon of the so-called ‘negative’ t plots where t is1r2 1r2

.half time of reaching equilibrium concentration of peptide–protein complexes , which is the shorter t at lower added1r2

peptide concentrations. The bell-shaped curve for t as a function of peptide concentration is a seemingly peculiar effect,1r2

because in general, binding reactions go faster with an increase of reagent concentrations. It is shown that the suggested
w Ž . Ž .xexplanation of this phenomenon S. Witt, H. McConnell, Acc. Chem. Res. 26 1993 442 and references therein is

Ž .misleading and the numerical simulation used to support this explanation is inconsistent with the experimental data , so that
the existence of ‘negative’ t is in no way to be considered as an experimental indication of the two-step reaction of1r2

peptide binding to protein. This article gives a consistent explanation of the bell-shaped t plots for peptide–protein1r2

association and obtains the criteria for its existence, based exclusively on the formal chemical kinetics analysis of the
accepted peptide–protein binding model and briefly discusses the experimental data, which really confirm the existence of
the two-step mechanism of binding. The analysis of the maximum location of the half-time curves indicates a controversy

wbetween the prediction of the two-step binding model and the experimental data S. Witt, H. McConnell, Acc. Chem. Res. 26
Ž . Ž .x1993 442 and references therein : either more complicated mechanism is involved in peptide–MHC binding or

w Ž . Ž .xexperimental data S. Witt, H. McConnell, Acc. Chem. Res. 26 1993 442 and references therein are not quite accurate.
q 1998 Elsevier Science B.V.
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1. Introduction

ŽPeptide binding to MHC major histocompatibil-
.ity complex proteins was studied intensively as it

appears to be a central step in immune recognition
w x1,2 . In this article, we are interested only in a
description of peptide–protein binding kinetics based

) Corresponding author. Anergen, 301 Penobscot Drive, Red-
wood City, CA 94063, USA.

exclusively on the methods of formal chemical kinet-
ics and do not touch any specificity of proteins or
peptides.

w xWitt and McConnell 1 performed an intensive
experimental study of the kinetics of peptide–protein
binding in a wide range of peptide concentration.
They observed an interesting phenomenon, called

Ž‘negative’ t plots half time t is defined as the1r2 1r2

time required to reach half of the equilibrium con-
.centration of MHC–peptide complexes , where t1r2
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is a shorter at lower added peptide concentrations. It
was found that t was an increasing function of1r2

Ž .peptide concentration the reaction gets slower even
for peptide concentrations that were much greater

Ž .than the receptor MHC molecule concentration.
This result seems rather unexpected, because an
increase of the reagent concentration generally leads
to the acceleration of binding reaction. When the
peptide concentration reached a certain value, t1r2

Ž .started to decrease reactions got faster . Thus, the
t plot as a function of peptide concentration goes1r2

Ž .through a maximum bell-shaped . The authors of
w xRef. 1 tried to explain the observed results on the

increase of t only at the region of low peptide1r2
Ž .concentration less than that of protein . Unfortu-

nately, their explanation is misleading, it contradicts
the basic principles of chemical kinetics, and does
not explain the bell-shaped plots for t , which is1r2

discussed further in detail.
w xAccording to Witt and McConnell 1 , ‘negative ’

t plot indicates the existence of a two-step bind-1r2
Ž .ing reaction. The first induction step is the release

of an endogenous peptide, which occupies the MHC
binding groove, and the second step is the binding of
the added peptide to the ‘empty’ molecule. As will
be shown here, the bell-shaped t plots could be1r2

observed if peptide binding to protein were just a
simple one-step binding reaction, and thus, it cannot
be considered as experimental proof of the two-step
peptide–protein complex formation. Then the ques-
tion arises—what kind of experimental data would
indicate the existence of the induction step in pep-
tide–protein association. We briefly consider the ki-
netic data which definitely confirm the existence of
two-step peptide–protein binding. We also discuss
the controversy between the experimental data of

w xWitt and McConnell 1 and the prediction of the
two-step peptide–MHC binding model on the loca-
tion of the maximum of the bell-shaped half-time
curve.

2. Kinetics of peptide binding to MHC protein

In this article, we analyze the following model
w xwhich was accepted by Witt and McConnell 1 to

describe the binding kinetics of peptide to the MHC
protein

ke

MyP ° MqP 1Ž .e eyke

k1

MqP ° C 2Ž .
k2

w x w xwith initial concentrations: P sP , MyP sM0 e 0
w xand C s0 at ts0. Here M is the MHC protein, Pe

is the endogenous peptide, P is the peptide which
binds to the protein M, C is the notation for the
peptide–protein complex M–P, and t is time. Reac-
tion rate constants can be obtained from experimen-
tal data on the kinetics of binding, their theoretical

w xcalculation is very complicated 3–6 and requires
rather detailed information about the system, which
is often not available.

w xThe authors of the paper 1 affirm that ‘negative’
t plot appears to be a result of a slow reaction in1r2

Ž . Ž .Eq. 1 and a very fast reaction in Eq. 2 , which
goes to completion. As a result, for the higher con-
centrations of peptide, we need to wait longer to get

Ž .more protein released through reaction in Eq. 1 to
bind half of the added peptide. That is why t1r2

increases with the increase of peptide concentration.
They consider that ‘negative’ t plots indicate the1r2

Ž .existence of the induction step in Eq. 1 , because, as
they believe, such dependence of t on the added1r2

peptide concentration is not expected for a simple
Ž .binding reaction in Eq. 2 . This explanation is very

controversial, because for low peptide concentrations
Ž .reaction in Eq. 2 is the limiting step of formation of

Žthe complexes M–P the rate of the formation of
w x.complexes is proportional to P , so that binding can

Ž ..not be controlled by the induction step in Eq. 1 .
Moreover, this strange explanation of the effect con-
siders only the region where ‘the concentration of

w xadded peptide is less than that of the protein’ 1 and
does not cover the range of experimental data. Let us

w xfollow the logic of the authors of Ref. 1 . Then t1r2

increases with the increase of peptide concentration,
Ž .because reaction in Eq. 2 becomes faster and faster,
Ž .while reaction in Eq. 1 is the limiting step of

binding, and therefore, it takes longer time to get
Ž .more protein released through reaction in Eq. 1 to

bind the increasing quantities of the added peptide.
The half time reaches the asymptotic value of ln

Ž2rk which is the half time of endogenous peptidee
.dissociation at peptide concentration slightly greater

than that of protein and will not decrease with the
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increase of peptide concentration. That contradicts
the bell-shaped plots for t observed in experi-1r2

w xment. Thus, the authors 1 did not give an explana-
tion of their experimental result on t increase for1r2

peptide concentration higher than the protein concen-
tration and for the bell shape of t plots.1r2

We will further show that the ‘negative’ t plot1r2

appears to be a feature of the accepted kinetic model
of the system without any artificial assumptions about

Ž . Ž .the rates of reactions in Eqs. 1 and 2 . Let us
consider the whole range of peptide concentrations

w x0- P -`. From a general basis of chemical kinet-
Žw x w x .ics at low peptide concentrations P ™0, P <M0

Ž .reaction in Eq. 2 will be the limiting step of the
complex formation, and the reaction between protein
and peptide can be described as simple binding

ŽMqPsMyP especially when equilibrium disso-
Ž . .ciation constant of Eq. 1 , Ksk rk y4M . Wee e 0

will show later that this can be correct even for
relatively high peptide concentrations, depending on
the values of the kinetic constants.

So we will first consider a simple binding reaction
k1

MqP ° C 3Ž .
k2

w x w x w xwith initial conditions P sP , M sM and C s0 0

0 at ts0.
w x w xw x w xKinetic equation d C rd tsk M P yk C can1 2

be solved analytically in this case

C t sd d 1yexp yk d yd t� 4Ž . Ž .1 2 1 1 2

r d yd exp yk d yd t 4� 4Ž . Ž .1 2 1 1 2

where

2
d s k qk M qP " k qk M qP� 4Ž . Ž .½1,2 2 1 0 0 2 1 0 0

1r2
2y4k M P 2kŽ .51 0 0 1

In the equation above, d corresponds to the sign1

‘q’ and d , to the sign ‘y’. Using the definition of2
w Ž .x wŽ xt C t sC t™` r2, we easily obtain from1r2 1r2
Ž .Eq. 4 the equation for the half time of complex

formation for a simple binding reaction

t s ln 2yd rd r k d yd 5Ž . Ž . Ž .1r2 2 1 1 1 2

Ž .For high initial concentrations of peptide P 4M0 0

this equation gives a well known result t s ln1r2
Ž .2r k P qk . Two examples for t as a function1 0 2 1r2

of added peptide concentration are presented on Fig.

Fig. 1. Half time for the complex formation for the simple binding
Ž . y1 y1reaction MqPsC. A M s1 mM, k s1000 M s and0 1

y5 y1 Ž . y1 y1k s3P10 s . B M s1.5 mM, k s10 M s and2 0 1
y7 y1 Žk s0.278P10 s t in case B is divided by 200 to bring2 1r2

.the plots to the same scale .

Ž .1. As seen on Fig. 1, Eq. 5 for t as a function of1r2

initial peptide concentration is a curve with a maxi-
mum at peptide concentration approximately equal
the concentration of protein M .0

In general, for a simple binding reaction, the
half-time curve as a function of peptide concentra-
tion may have a maximum, or may not have it. It
depends on only one parameter, which is the ratio of
dissociation constant K sk rk to the initial pep-d 2 1

tide concentration M , rsK rM . Really, we can0 d 0
Ž .rewrite Eq. 5 in dimensionless form

t ) s t k M sln 2yd rdŽ .1r2 1r2 1 0 2 1

1r22r 1qrqP rM y4P rM 6Ž . Ž .0 0 0 0

Ž . )In Eq. 6 , t is the function of the two variables1r2

rsK rM and P rM . The graph of t ) for vari-d 0 0 0 1r2

ous values of the parameter r is shown on Fig. 2.
Ž .Calculating the derivative Et rEP from Eq. 5 at1r2 0

P s0, we can figure out that it changes the sign at0
Ž .rsr s1y1r 2 ln 2 s0.2787, and Et rEP )0c 1r2 0

when r-r . Thus, for a simple binding reaction inc
Ž .Eq. 3 , the peak on the half-time curve exists only

when

K rM -r s1y1r 2 ln 2 7Ž . Ž .d 0 c
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ŽFor peptides with higher affinity to protein smaller
.value of the dissociation constant K , the peak ond

Ž .the t curve Fig. 2 is stronger and it occurs at1r2

peptide concentration approximately equal to that of
protein. As the affinity diminishes and K rM ap-d 0

Ž .proaches the critical value r in Eq. 7 , the tc 1r2

peak gradually disappears, while its position shifts to
a smaller value of P rM . It is interesting that the0 0

existence of a peak on a half-time curve depends on
the value of the equilibrium dissociation constant
K sk rk , but not on the kinetic rate constants kd 2 1 1

and k separately.2
w xThe authors of Ref. 1 overlooked a possible

analytical way to figure out the existence of the
bell-shaped half-time curve for a simple binding
reaction and failed to discover it through numerical
simulation, which is actually redundant once the

Ž . Ž .direct analytical solutions in Eqs. 4 and 5 can be
obtained. Thus, the ‘negative’ t at very low pep-1r2

tide concentrations for peptide with relatively high
affinity to protein is just an indication of a simple
binding reaction, which is expected to describe the

Ž . Ž .binding kinetics of the reactions in Eqs. 1 and 2
at low peptide concentrations. If peptide binding to
protein was just a simple one-step reaction in Eq.
Ž .3 , we could get a bell-shaped curve for t as a1r2

function of peptide concentration, the left side of

Ž Ž .. ŽFig. 2. Half-time curve Eq. 6 for a simple binding reaction Eq.
Ž ..3 MqPsC, P and M are the initial peptide and protein0 0

concentrations, respectively. 1y K rM s 0; 2y K rM sd 0 d 0

0.01; 3y K rM s0.1; 4y K rM s0.4.d 0 d 0

which is the ‘negative’ t slope. Therefore, ‘nega-1r2

tive’ t phenomena does not occur only as a result1r2
Ž .of the existence of the induction step in Eq. 1 , as

w xauthors of Ref. 1 affirm.
The limiting value of t for the simple binding1r2

Ž . w xreaction in Eq. 3 with initial conditions M sM ,0
w x w xP sP and C s0 at ts0, when peptide concen-0

Ž .tration goes to zero is t s ln 2r k M qk . This1r2 1 0 2

can be easily understood, as for very low concentra-
tions of peptide the protein is considered to be in an

Ž .excess M 4P and then kinetics is described by0 0
w Ž .x � w Ža well known equation C t sP 1yexp y k M0 1 0

. x4qk t . Only when peptide concentration is zero2
Ž .no peptide , then t is not defined, but t does1r2 1r2

not gradually tend to infinity with P ™0.0

Nevertheless, there are two arguments against a
simple binding reaction as a model for peptide reac-
tion with MHC proteins. The first one is that for a

Ž .simple binding reaction in Eq. 3 , t gets very1r2
Ž .small approaches zero with the increase of peptide

concentration, which is opposite of what was found
w xin the experiments of Witt and McConnell 1 . The

asymptotic nonzero value of t , as shown further,1r2

is definitely an indication of the existence of the
Ž .induction step in Eq. 1 in peptide–MHC binding.

The second argument concerns the location of the
maximum of the half-time curve. According to a
simple binding reaction, the maximum of the curve
occurs at peptide concentration which is less or
approximately equal to the concentration of protein,

w xwhile the experimental data 1 give the position of
the maximum at peptide concentration much greater
Ž .about 400 times than that of protein. This obvious
controversy is discussed further in detail.

There is still a question then—why t goes1r2

through maximum for the more complicated kinetic
Ž . Ž .scheme given by reactions in Eqs. 1 and 2 . When

peptide concentration is getting higher, both reac-
Ž . Ž .tions in Eqs. 1 and 2 are significant for kinetics of

binding.
Let us consider the kinetics of two reactions in

Ž . Ž .Eqs. 1 and 2 for a high peptide concentration
Ž .limit when peptide is in an excess , so that P 4M0 0

and also assume kys0, because the reverse reactione
Ž .in Eq. 1 is suppressed by an excess of added

peptide in this case. The initial conditions for these
Ž .reactions which correspond to experimental studies

w x w x w xare P sP , MP sM and C s0 at ts0. Pep-0 e 0
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tide concentration can be considered constant in this
Ž w Ž .x Ž .case because P y P t F M <P and then we0 0 0

obtain

C t sC 1q k exp y k P qk tŽ . Ž .�eq e 1 0 2

y k P qk exp yk t r k P qk ykŽ . Ž . Ž . 41 0 2 e 1 0 2 e

8Ž .
Ž . Žwhere C s M k P r k P q k s M r 1 qeq 0 1 0 1 0 2 0

.K rP , K sk rk .d 0 d 2 1

For relatively low concentrations of peptide, when
Ž . Ž .k P qk <k but still P 4M , from Eq. 8 ,1 0 2 e 0 0

we get the following equation for complex formation
w Ž .x � w Ž . x4C t s C 1 y exp y k P q k t , which for-eq 1 0 2

mally corresponds to the reaction of direct binding
Ž Ž .. Ž .Eq. 3 at P 4M without preceding Eq. 1 . In0 0

Ž .this case, the time scale of the reaction in Eq. 1 is
Ž .much shorter than that of the reaction in Eq. 2 ,

which effectively leads to simple one-step binding
Ž .kinetics in Eq. 3 . At a high peptide concentration

Ž .limit, reaction in Eq. 1 becomes the limiting stage
Ž .of binding, while reaction in Eq. 2 is very fast, so

Ž . w Ž .x wthat from Eq. 8 follows C t s C 1 yeq
Ž .xexp yk t and we get the asymptotic value ofe

t s ln 2rk for high peptide concentrations. When1r2 e

there is still an excess of peptide, but its concentra-
Ž .tion decreases, t increases as follows from Eq. 81r2

Fig. 3. Half-time plot for the formation of protein–peptide com-
plexes, esexperimental data, solid line represents analytical

Ž . y1 y1 y1calculation using Eq. 8 with k s0.23 h , k s2 mM he 1

and k s0.003 hy1.2

Fig. 4. ‘Negative’ t plot for the kinetic mechanism given by1r2
Ž . Ž . Ž . Ž .Eqs. 1 and 2 . 1 low peptide concentrations, 2 high peptide

concentrations, \s intermediate range of concentrations.

and is shown on Fig. 3. This result was confirmed in
experimental studies of association kinetics at high
peptide concentrations. These experimental data were
obtained for the binding of HA 307–319 peptide
Ž . ŽPKYVKQNTLKLAT at high concentrations P s0

50 nM, 80 nM, 120 nM, 300 nM, 500 nM, 800 nM,
. Ž5 mm and 20 mM to DR1DW1 molecules at 3–5

.nM concentration , which is one of the type of MHC
Ž .protein to be published .

Once the limiting kinetics at very low and very
high concentrations of peptide is understood, the
kinetics at intermediate range of concentrations can
be predicted and there is no need for numerical
simulations in this case. To understand the whole
picture of t dependence on concentration, it was1r2

necessary to explain the possible increase of t at1r2
Ž .low peptide concentrations line 1 on the Fig. 4 and

Žits decrease for high peptide concentrations line 2
.on the Fig. 4 . Once we have pieces 1 and 2 of the

curve, we can expect the whole curve to have a
bell-shape form as shown as on Fig. 4. The more
detailed picture, of course, depends on the value of
the kinetic constants, so that the peak on the graphic
is more or less noticeable. In case of the peptide with

Žrelatively low affinity to protein or low initial pro-
. Ž .tein concentration so that K rM )r in Eq. 7 ,d 0 c

there will be no ‘negative’ t in the low peptide1r2
Ž .concentration region region of simple binding . In

this case, we may expect the half-time curve to



( )L.M. BerezhkoÕskiyrBiophysical Chemistry 71 1998 1–86

exhibit ‘regular’ behavior, i.e., it will be decreasing
gradually to the asymptotic value of ln 2rk with thee

increase of the initial peptide concentration.
The maximum of half-time curve, according to

w xthe experimental data of Witt and McConnell 1
Žoccurs at peptide concentration much greater ap-

.proximately 400 times than the concentration of
protein. That might seem to be an indication that
simple binding is not a relevant description of pep-
tide–MHC reaction, because it yields a noticeable
maximum of half-time curve at peptide concentration
approximately equal to that of protein. But this is not
correct. The analysis of kinetic model given by Eqs.
Ž . Ž .1 and 2 allows us to evaluate the position of the
maximum of the half-time plots. Really, let us con-
sider again the region of high peptide concentrations
P 4M , where the kinetics of binding is given by0 0

Ž .Eq. 8 . Using this equation to determine half-time
w Ž .xvalue C t sC r2 and calculating Et rEP1r2 eq 1r2 0

we get
y1

E t rE P sk t k P qk F z , 9Ž . Ž . Ž .1r2 0 1 1r2 1 0 2

Ž . Ž Ž . .y1 Žwhere F z s exp z y1 y1rz, zs k P q1 0
.k yk t .2 e 1r2

Ž .It can be checked analytically or numerically
Ž . Žthat the function F z -0 for any z and therefore,

.P . It means that when we have an excess of0

peptide Et rEP -0 and t decreases with the1r2 0 1r2

increase of the initial concentration of peptide.
Roughly, when P G10M , we are already consider-0 0

Ž .ing the descending side line 2 of the half-time
curve on Fig. 4. In the same manner, when there is
an excess of protein P <M , the model system0 0

Ž . Ž .described by Eqs. 1 and 2 tends to a simple
binding reaction, the kinetics of which is given by

Ž .Eq. 4 . Then, for P <M we are on the ascending0 0
Ž .side line 1 of half-time curve on Fig. 4. Therefore,

the maximum of the half-time curve for the reactions
Ž . Ž .in Eqs. 1 and 2 may be approached at peptide

concentration of the same order of magnitude as
protein concentration, or possibly at peptide concen-
tration much lower than that of protein, depending
on the values of reaction rate constants. The maxi-
mum on t curve at peptide concentration approxi-1r2

mately equal to that of protein was observed experi-
Žmentally for DR2 MHC protein I. Astafieva, Aner-

.gen, personal communication . Even if the maximum
Žon t curve is relatively small the height of the1r2

.maximum is not substantially greater than ln 2rk ,e

t values should stop to increase when peptide1r2

concentrations are of the same order of magnitude as
protein concentrations.

Thus, we come to an important conclusion that
the maximum on the half-time graph should be
located at peptide concentration less or of the same
order of magnitude as protein concentration, but not
at peptide concentration much greater than that of
protein. In this respect, the prediction of a two-step
peptide–MHC binding mechanism contradicts to the

w xexperimental data of Witt and McConnell 1 . The
same contradiction occurred in the numerical simula-

w x Žtions 1 of the two-step binding kinetics see Ap-
.pendix A . It means that either more complicated

mechanism is involved in peptide–MHC binding, or
that these experimental data are not quite accurate.
Because of that, the only reliable proof of the exis-

Ž Ž ..tence of an induction step Eq. 1 is a nonzero
asymptotic value of t for high peptide concentra-1r2

Ž . Ž .tions. In Eq. 9 , F z ™0 when P ™` and there-0

fore, Et rEP ™0, while t ™ ln 2rk .1r2 0 1r2 e

The other proof of the existence of the induction
step in peptide binding to MHC proteins could be an

w Ž .xexperimental observation of a zero slope d C t rd t
s0 at initial instant of time ts0. It follows directly

Ž . Ž .from Eqs. 1 and 2 and the initial conditions for
this system. An experimental determination of a zero
derivative at initial instant of time may be rather
difficult because of a weak value of the detection
signal which is proportional to the concentration of
peptide–MHC complexes and starts from zero. Nev-
ertheless, this phenomenon was observed by

w x ŽSadegh-Naseri and McConnell 2 Fig. 1a,c of this
.article , though the authors did not give any interpre-

tation of the fact.
There is one more possible indication that pep-

tide–protein association is not a simple binding reac-
tion which is based on the experimental data of Witt

w xand McConnell 1 . Really, based on Fig. 2, t1r2
Ž .increase for a simple binding reaction in Eq. 3

Ž .t rt P ™0 does not exceed 1.44, while1r2,max 1r2 0

the experimental observation gives about three-fold
increase in half time of complex formation. But the
significance of this argument is diminished by the
controversy between the experimental data and the
analytical prediction on the location of the maximum
on t curve.1r2
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3. Conclusions

The assumed kinetic model of peptide binding to
MHC proteins gives us qualitative understanding of
what experimental data should be expected accord-
ing to this model and enables us to explain consis-
tently the ‘negative’ t plot phenomena. An analy-1r2

sis of the two-step mechanism of peptide–MHC
binding indicates the following features of this sys-
tem.

Ž .1 The bell-shaped half-time curves as a function
of peptide concentration is the feature of this kinetic
model. Both a bell-shaped half-time curve or a ‘regu-
lar’ curve with t decreasing as a function of the1r2

initial peptide concentration can be observed in the
binding experiment. The result depends on the ratio
of the equilibrium dissociation constant of the pep-
tide–protein complex to the initial concentration of
protein K rM . When K rM is less than a certaind 0 d 0

value, the shorter t at lower added peptide con-1r2

centrations should be observed in the experiment.
Ž .2 A simple one-step binding mechanism MqP

sC also yields bell-shaped half-time plots for pep-
Žtides with relatively high affinity to protein K rMd 0

Ž .-1y1r 2 ln 2 . Thus, an experimental observation
of a bell-shaped half-time curve is not a proof of the
existence of an induction step in peptide–MHC bind-
ing.

Ž .3 An experimental study of peptide reaction
with MHC protein at high peptide concentrations

Žshows that t stops decreasing reaches nonzero1r2
.asymptotic value with the increase of peptide con-

centration. This result definitely confirms the exis-
tence of the induction step in peptide binding to
MHC protein, which becomes rate limiting for high
peptide concentrations.

Ž .4 The location of the maximum on half-time
graphs for the assumed two-step binding mechanism
Ž Ž . Ž ..Eqs. 1 and 2 should occur at peptide concentra-
tion less or of the same order of magnitude as
protein concentration. According to the experimental

w xdata of Witt and McConnell 1 , the location of the
maximum on the half-time curve occurs at peptide

Ž .concentration much greater about 400 times than
that of protein. This indicates that either more com-
plicated mechanism than two-step binding is in-
volved in peptide–MHC reaction, or that these ex-
perimental data are not quite accurate.
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Appendix A. On the numerical simulation of the
kinetics of peptide–protein binding

w xWitt and McConnell 1 tried to obtain ‘negative’
t plot from a numerical solution of the system of1r2

Ž .kinetic equations for the reactions in Eqs. 1 and
Ž .2 . The following values of the parameters were
used in the simulations: M s1 mM, k s1 My1

0 1
y1 y5 y1 Žs , k sk s3P10 s which corresponds to2 e

the half time of the release of an endogenous peptide
.ln 2rk s6.38 h , and P s5, 25, 50 and 200 mM.e 0

With these values of the parameters, the curves for
w Ž .x w x.C t were obtained from Figure 5 of Ref. 1
which resembled the experimental data but did not
yield ‘negative’ half-time plot. ‘Negative’ t curve1r2

Ž .for a simple binding reaction in Eq. 3 was not
observed; also in the numerical simulation with the
same values of k and k . In this case, K rM s301 2 d 0

and ‘regular’ decrease of t with the increase of1r2
Ž .peptide concentration is consistent with Eq. 7 .

Nevertheless, in order to obtain ‘negative’ half-
w xtime plots, Witt and McConnell 1 increased the

value of the on-rate constant k 1000 times, which is1

very unrealistic value. At that point, their simulations
became sensitive enough to yield ‘negative’ t1r2

slope, which, as they affirm, is consistent with the
observed experimental three-fold increase in t ,1r2

though they still did not get ‘negative’ t curve for1r2
Ž .a simple binding reaction in Eq. 3 . Based on Eq.

Ž .7 , the bell-shaped t curve appears if K rM is1r2 d 0
Ž .less than r s1y1r 2 ln 2 s0.2787. For the val-c

ues of the parameters used in this case K rM s0.03d 0

and thus, ‘negative ’ half-time curve definitely exists
in this case. To plot Fig. 1 for a simple binding

Ž .reaction which demonstrates the bell-shaped curve
we used exactly the same values of M , k and k0 1 2

for the curve A as in the numerical simulation
mentioned above. It is very useful to have any
analytical result to verify the correctness of a numer-

w xical simulation. If the authors of Ref. 1 obtained
analytical equations for the kinetics of a simple
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Ž .binding reaction in Eq. 3 , they would see the
discrepancy between the numerical simulation and
the analytical calculation, and thus, would be aware
that the computer program they used was not precise
enough.

Ž y1 y1.For that high value of k 1000 M s the1
Ž .y1 Ž . Žtime scale k P qk of the Eq. 2 100 s for1 0 2
.P s10 mM is much shorter than the time scale0

y1 Ž . Ž .k 9.3 h of the reaction in Eq. 1 . In this case,e
Ž .Eq. 8 which describes the kinetics of the reactions

Ž . Ž .in Eqs. 1 and 2 at high peptide concentrations
becomes the function of only the rate constant k ,e
w Ž .x w Ž .xC t sM 1yexp yk t , so that the release of an0 e

endogenous peptide is the limiting stage of binding.
The numerical simulations in this case should not
give any distinction for P 4M , which does not0 0

correspond to the experimental observations of Witt
w xand McConnell 1 for P s10, 25, 100, and 2000

mM and M s0.25 mM. It is also difficult to make0

a reasonable determination of that high value of the
on-rate constant k by comparison the numerical1

simulation results and the experimental data. The
results of the numerical simulations in this case, will
be very insensitive to the changes of k . This is1

especially obvious for the region of high peptide

w Ž .xconcentrations, where C t practically does not de-
pend on k at all. Therefore, there is no definite1

proof that the value of k which leads to the ‘nega-1

tive’ t in the numerical simulations, corresponds1r2

to the real value of the rate constant. But the most
important is that ‘negative’ t slope obtained1r2

through the numerical simulations occurred in the
region of peptide concentrations P FM , while in0 0

the experiment ‘negative’ half-time curve was ob-
served at P FM . This discrepancy between the0 0

results of the numerical simulations which yield
‘negative’ t plot and the experimental data is not1r2

w xdiscussed in Ref. 1 .
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