
Peptide Interaction with a Class I Major Histocompatibility Complex-Encoded
Molecule: Allosteric Control of the Ternary Complex Stability†

Dmitry M. Gakamsky,*,‡ Pamela J. Bjorkman,§ and Israel Pecht‡

Department of Immunology, The Weizmann Institute of Science, 76100 RehoVot, Israel, and DiVision of Biology 156-29,
California Institute of Technology, Pasadena, California 91125

ReceiVed July 12, 1996; ReVised Manuscript ReceiVed September 12, 1996X

ABSTRACT: Thermodynamics and kinetics of interaction between a soluble class I MHC heterodimer
composed of the H-2Kd heavy chain (H) and humanâ2microglobulin (â2m) with a dansylated peptide
series based on residues 147-155 of influenza virus nucleoprotein sequence were studied by means of
real-time fluorescence measurements. Peptide-heterodimer binding is a second-order process with specific
rates practically independent of peptide structure (3-5 × 106 M-1 s-1). The ternary complex assembly
involves a rate-limiting step ofâ2m association with H to yield an unstable heterodimer (τ e 5 s, 37°C).
Peptide binding provides a positive feedback enhancing H’s affinity forâ2m, thus stabilizing the ternary
complex. The latter decays by either peptide orâ2m dissociation. The first-order rate constants of peptide
dissociation ((0.5× 10-2)-(0.4× 10-3) s-1, 37 °C) depend on their structures and are faster than that of
â2m dissociation. The former process decreases the H affinity forâ2m and induces their dissociation.
This dissociation, in turn, drastically lowers H affinity for peptide. Thus, these three components produce
a system which is stable as a trimer. This behavior is rationalized by the functional requirements of class
I molecules: Peptide structure determines the ternary complex’s lifetime, and peptide rebinding on the
cell surface is rendered unlikely by the limited stability of the empty heterodimers and the very low
peptide affinity of the heavy chains.

Class I major histocompatibility complex-encoded mol-
ecules (MHC-I)1 are an element of a molecular recognition
system as they present cellular peptides to cytotoxic T-cells
in the framework of the immunological surveillance process.
Intracellularly processed peptides are transported to the
endoplasmic reticulum (ER) where MHC-I molecules bind
them and the MHC-I-peptide complexes are transported to
the cell membrane. Thus, an early step in the cascade
causing activation of T-cells is binding of antigenic peptides
to MHC-I molecules. Hence the assembly rate and the
complex stability are important parameters which determine
the extent of class I-restricted immune response. Though
each individual has only a limited set of MHC-I molecules,
these should be able to bind a broad spectrum of peptides
with high affinity. Considerable efforts have therefore been
made to rationalize the conflict between the requirements
for high affinity and a large binding repertoire and understand
the ternary complex assembly mechanism.

The three-dimensional structures of several class I-peptide
complexes have been determined so far (reviewed by
Madden (1995), Stern and Wiley (1994)) and show that the
binding site of these molecules has a groovelike shape,

created byR1 andR2 domains of the heavy chain, which is
noncovalently associated withâ2m. Although these domains
are polymorphic, there are clusters of highly conserved
residues at both ends of the binding groove. In all class I
structures determined so far, these conserved residues form
hydrogen bonds with the bound peptides’ N- and C-termini.
These interactions as well as the∼2.5 nm length of the
groove primarily limit the size of binding peptides to 8-10
residues. In addition to these hydrogen bonds, there are some
structural features producing preferences for peptide side
chains yielding specific binding motifs. For example, in the
human HLA-A2.1 molecule, the second residue from the
bound peptide N-terminal is usually a leucine and the last
one a valine (Hunt et al., 1992; Engelhard et al., 1993;
Madden et al., 1991, 1993), whereas for binding to the H-2Kd

molecule this second residue should be a tyrosine (Fahne-
stock et al., 1994; Rotzschke et al., 1990; Falk et al., 1991;
Romero et al., 1991; Engelhard, 1994). Thus, the apparent
contradiction between the requirements for high binding
affinity and a broad peptide repertoire has been rationalized
primarily by the sequence-independent binding of the pep-
tide’s termini supplemented by side chain interactions with
specific pockets of the binding groove (Madden, 1995; Zhang
et al., 1992; Stern & Wiley, 1994).

While this provides a qualitative explanation for the above-
mentioned contradictory requirements, a more quantitative
analysis is still missing. Moreover, the above explanation
does not address the role ofâ2m, and more generally, why
is the class I molecule composed of noncovalently associated
heavy and light chains? At the same time there is ample
evidence supporting an active role of bothâ2m and the
peptide in assembly and stability of the ternary complex
(Rock et al., 1991; Elliott et al., 1991; Parker et al., 1992;
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Solheim et al., 1995; Smith et al., 1994; Catipovic et al.,
1994). Hence considerable efforts were made to resolve the
peptide binding mechanism and determine parameters con-
trolling the ternary complex stability. While most of the
equilibrium binding studies were interpreted to reflect a
single population of binding sites (Olsen et al., 1994;
Cerundolo et al., 1991; Matsumura et al., 1992), some
proposed the existence of two populations with distinct
affinities (Boyd et al., 1992). Conflicting reports have also
appeared concerning the role ofâ2m in peptide binding:
While some observed no effect of excessâ2m on the binding
rate (Boyd et al., 1992), others found it increased the binding
rate at 37°C (Matsumura et al., 1992; Olsen et al., 1994).
In addition, the equilibrium dissociation constant calculated
on the basis of kinetic experiments as thekoff/kon ratio
corresponded only to the lower affinity sites (Boyd et al.,
1992). The above results show that a rigorous analysis of
the peptide binding mechanism, preferably by new experi-
mental approaches, is required.
Recent progress in the production of a peptide free form

of a soluble recombinant H-2Kd heterodimer (Fahnestock et
al., 1992) made it an optimal system for application of a
sensitive real-time binding assay. A method based on
measuring nonradiative energy transfer from the protein’s
intrinsic tryptophans to dansyl-labeled peptides in the
complex has now been employed (Pecht et al., 1971). Here
we present results of kinetic and thermodynamic measure-
ments of peptide binding to the soluble H-2Kd. A quantita-
tive model of the ternary complex assembly based on these
results is presented and discussed.

MATERIALS AND METHODS

Reagents and Cells.Purification of secreted Kd-human
â2m heterodimers from transfected CHO cell line, denatur-
ation and removal of endogenous peptides and the reassembly
of empty H-2Kd heterodimers have been described in detail
elsewhere (Fahnestock et al., 1992). Humanâ2m was used
instead of its mouse counterpart because higher yields of
Kd-human â2m heterodimers compared to empty Kd-
murine â2m heterodimers are obtained (Fahnestock et al.,
1994).
Humanâ2m was purchased from Sigma and used without

further purification. Dansylaziridine ([[5-(dimethylamino)-
naphthalen-1-yl]sulfonyl]aziridine) was purchased from Mo-
lecular Probes.
The H-2Kd-restricted peptide NP1 from influenza virus

nucleoprotein (amino acid residues 147-155; TYQR-
TRALV) as well as its derivatives NP19 (TYCRTRALV),
NP20 (TYQCTRALV), NP21 (TYQRCRALV), NP22
(TYQRTCALV), and NP23 (TYQRTRCLV) were synthe-
sized by automated solid phase methodology on an Applied
Biosystems Model 432A synthesizer using the manufactur-
er’s standard Fmoc protocols. Peptides NP19-NP23 differ
from NP1 by sequential substitution of residues 3, 4, 5, 6,
or 7 by cysteine. As was previously shown (Fahnestock et
al., 1994), these substitutions of a single residue have a
relatively limited effect of the peptide binding affinity.
The substituted cysteine in peptides NP19-NP23 was

dansylated to yield the respective derivatives (dNP19-
dNP23) by the following protocol: 0.3 mL of 10-fold molar
excess of dansylaziridine in dimethylformamide was added
to 1 mL of peptide solutions (3 mg/mL) in 0.1 M bicarbonate
buffer, pH 8.2, and allowed to react for 2 h at room

temperature in the dark. The labeled peptides were purified
by HPLC. Concentrations of peptides and proteins were
determined spectrophotometrically using the extinction coef-
ficient of tyrosine (1.42× 103 M-1 cm-1 at 274 nm)
(Wetlaufer, 1962) for nondansylated peptides or the extinc-
tion coefficient of dansyl (4.57× 103 M-1 cm-1 at 350 nm)
(Parker, 1968) for the dansylated ones. Extinction coef-
ficients of H-2Kd andâ2m were calculated as 10.1× 104

and 2.1× 104 M-1 cm-1 at 280 nm based on the extinction
coefficient of tryptophan and tyrosine. All experiments were
carried out in 20 mM TRIS buffer, pH 7.5.
Fluorescence Measurements.Fluorescence spectra cor-

rected for spectral sensitivity were recorded on a Perkin-
Elmer MPF-44a spectrofluorimeter with the spectral slits of
6 nm. Titrations and binding kinetics were carried out on a
PTI spectrofluorimeter with a single-photon-counting reg-
istration system. The sample holder was thermostated with
an accuracy of(0.5 °C. An excitation wavelength of 290
nm (slit width 8 nm) and an emission wavelength from 490
to 530 nm (slit width 16 nm) were used.
Peptide affinity and kinetics of the ternary complex

formation were investigated by monitoring the nonradiative
energy transfer from intrinsic H-2Kd tryptophans to the
dansyl of the bound peptide (Pecht et al., 1971) which allows
directly measuring the time course of the reaction. More-
over, this protocol has several important advantages in
comparison with monitoring either ligand-induced quenching
of the receptor’s tryptophan fluorescence or change in the
probe’s emission (e.g., quantum yield or shift in fluorescence
spectrum) induced upon ligand binding. The first is limited
by the multiplicity of tryptophan residues (H-2Kd contains
13 tryptophans) causing a maximal specific quenching of
the fluorescence upon peptide binding which does not exceed
10%. The second suffers from the contribution of free ligand
fluorescence. The presently employed method significantly
circumvents the latter problem and takes advantage of the
large number of tryptophans present in the H-2Kd molecule,
several of which are located in the vicinity of the peptide
binding site and participate in energy transfer to dansyl. This
further increases the method’s sensitivity and allows the use
of very dilute samples. In addition, the tryptophan absorption
band (270-300 nm) is situated in a minimum between the
first and second absorption bands of the dansyl. This allows
monitoring specifically peptide binding even when a sig-
nificant fraction of it is free. For a typical equilibrium
titration, different concentrations of peptides were added to
10 aliquots (140µL) of 0.2 µM H-2Kd and 4µM excess of
â2m and allowed to equilibrate for 2 h before measurements
at 20 °C. The concentration of bound peptides was
calculated from the area under the energy transfer band.
Peptide binding kinetics were studied after addition of a

small amount (1-3 µL) of one solution (usually heterodimer)
to 140 µL of another solution (usually peptide) by a
micrometric syringe (Hamilton). Peptide dissociation from
the ternary complex was induced by the addition of a large
excess of the nondansylated NP1 peptide which blocks the
rebinding of the dissociated peptide. The experiments were
carried out in a 4× 4 mmmagnetically stirred, quartz optical
cuvette.
Data Processing.A Global Analysis program, designed

by Dr. A. A. Goldin, was used for processing the observed
real-time kinetics. The program provides a nonlinear fit to
an arbitrary model which in our case was a sum of
exponentials with a background. The program allows
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simultaneous processing of several sets of experimental
kinetics with linked parameters and an exhaustive search
option for estimating the accuracy of the obtained parameters.

RESULTS

Equilibrium Binding Titrations. The fluorescence emis-
sion spectrum of the dNP21 in 20 mM TRIS buffer, pH 7.5,
at 20°C exhibits a maximum at 550 nm (Figure 1, curve 5)
which was shifted to the blue upon binding to H-2Kd (curves
3, 4). The maximal spectral shift of about 60 nm was
observed for bound dNP21 and dNP1, while the shifts for
the other peptides were of only 20-25 nm.
A typical example of the fluorescence excitation spectra

for one of the dansylated peptides (dNP19) in buffer is shown
in Figure 1 (curve 2). Binding of peptide to H-2Kd produced
an additional excitation band with a maximum at 285 nm
which is a result of the nonradiative energy transfer (ET)
from the heterodimer’s tryptophans to the peptide dansyl
residue (curve 1). The more effective dansyl excitation by
ET from the tryptophans compared with the direct one at
the maximum of its long wavelength absorption band (340
nm) is probably a result of an increased transfer efficiency
from several of these residues which operate as an “optical
amplifier”. Monitoring ET at the blue slope of the dansyl
fluorescence band (480-500 nm) provided an additional
selectivity in registering only the bound peptides. Hence,
assembly kinetics of the ternary complex could be followed
at nanomolar concentrations even when the free peptide
concentration exceeded that of the complex severalfold.
A typical titration is shown in Figure 2 where a set of

dansyl excitation spectra of the Kd-dNP21 complex was
monitored at 490 nm as increasing dNP21 concentrations
were added to H-2Kd. Saturation binding curves were
calculated presenting the area under the band in the excitation
spectrum which represents the energy transfer from tryp-
tophans to dansyl as a function of peptide concentration
(Figure 2, inset a). The binding was also found to be a
function of both the empty heterodimer andâ2m concentra-
tions where the latter was increased from 0.1 to 4µM.
Incubation of 0.1µM heterodimer (equimolar concentrations
of H andâ2m) with 0.02-0.5 µM dNP21 for 2 h at 20°C

yielded a rather small amount of H-2Kd-dNP21 complexes
(not shown). A saturation curve of 0.22µM H-2Kd in the
presence of excess 1µM â2m and its Scatchard analysis are
shown in insets a and b of Figure 2 (curves 1). Under these
experimental conditions, a curved Scatchard plot is observed.
However, a titration at a higherâ2m concentration (4µM)
increased the concentrations of produced ternary complexes
(inset a, curve 2) and yielded a linear Scatchard plot (inset
b, curve 2). Further increase inâ2m concentration did not
affect the binding.
The equilibrium dissociation constants of the studied

peptide series were therefore determined in the presence of
4 µM excessâ2m and are presented in Table 1. One can
see that under these conditions all peptides exhibit affinities
that are 1-2 orders of magnitude higher than those of their
nondansylated counterparts reported earlier (Fahnestock et
al., 1994), the reason most probably being the presence of
excess ofâ2m in the presently studied samples and not the
derivatization with dansyl.
Kinetics of Peptide Binding.In order to investigate the

mechanism of peptide binding as well as the role of H-â2m
interaction in this process, we studied the time course of
binding at different concentrations of heterodimer and
peptides, with or without an excess ofâ2m. Usually, the
observed time course of binding was biphasic. This is
illustrated by an experiment (Figure 3a) carried out with a
significant excess of the peptide ([dNP22]) 3 µM, [H-2Kd]

FIGURE 1: Steady-state spectroscopy of dansylated peptides.
Excitation (monitored at 550 nm) (curve 2) and emission (excited
at 335 nm) (curve 5) spectra of 3µM dNP21 peptide solution in
TRIS buffer (curve 2). An additional excitation band at 285 nm is
observed for the ternary complex with all the dansylated peptides
due to the nonradiative energy transfer from intrinsic tryptophans
of H-2Kd molecule to dansyl, as illustrated here by the excitation
spectrum of 2µM H-2Kd-dNP21 complex (curve 1) (emission
monitored at 490 nm). Emission spectra of dansylated peptides-
H-2Kd complex as a function of peptide structure: dNP21 (curve
3), dNP20 (curve 4). All the spectra were monitored in 20 mM
TRIS buffer, pH 7.5, at 20°C.

FIGURE 2: Equilibrium titrations of 0.22µM H-2Kd with dNP21.
A set of dansyl excitation spectra (t ) 20 °C, λem ) 490 nm) was
recorded at increasing peptide concentrations. Inset: Effect ofâ2m
concentration on apparent affinity of H-2Kd heterodimer for the
peptide. Equilibrium binding curves (a) present the area under the
energy transfer bands as a function of peptide concentration (0.01-
0.3µM) in the presence of excessâ2m (above the equimolar ratio
of heavy chain/â2m of the heterodimer); [â2m] ) 1 µM (*, curve
1), [â2m] ) 4 µM (+, curve 2). (b) Scatchard plots of the binding
data.

Table 1: Activation Parameters and Equilibrium Dissociation
Constants of the Peptide-H-2Kd Interactiona

peptide Kd (nM)b
Kd

kin

(nM)c
∆Hon

q

(kcal/M)
-T∆Soffq
(kcal/M)

∆Hoff
q

(kcal/M)

dNP19 0.35( 0.05 0.4( 0.10 18.3( 1.5 4.9( 2.0 17.5( 2.0
dNP20 0.20( 0.05 0.5( 0.10 19.0( 1.5 3.6( 1.5 18.9( 1.5
dNP21 12.0( 3.0 13.0( 3.0 18.7( 1.5 1.1( 1.5 19.0( 1.5
dNP22 1.8( 0.4 1.7( 0.60 20.9( 1.5 1.7( 1.5 19.8( 1.5
dNP23 0.25( 0.05 0.3( 0.10 19.4( 2.0 2.5( 2.0 17.5( 2.0

a Equilibrium dissociation constants were determined from both
equilibrium titrations and kinetic experiments.bDissociation constants
Kd were measured at 20°C with 4 µM excess ofâ2m. cDissociation
constantsKd

kin were calculated as a ratio of the peptide dissociation
and binding rate constants at 20°C.
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) 0.4µM, [â2m] ) 1 µM) to fulfill conditions of a pseudo-
first-order reaction. The fast binding phase could not be
resolved in this experiment due to the limiting mixing time
(about 3 s in the magnetically stirred cuvette). It could
however be resolved at lower concentration of the reactants
(e.g., 0.06µM H-2Kd, 0.5 µM dNP22) (Figure 3b). One
can see that the amplitude of the binding kinetics at 15°C
(curve 4) decayed after reaching the maximum (after 75 s).
We found that this decay was a result ofâ2m dissociation
from the ternary complex and could be eliminated by addition
of excessâ2m (see Figure 6a,b).
In order to elucidate the significance of these two phases,

we studied the binding as a function of peptide andâ2m
concentrations. The time constant of the fast phase was
independent ofâ2m concentration (E5 µM) and decreased
linearly with peptide concentration at a constant heterodimer
concentration (Table 2). Similarly, the complex formation
amplitude depended on peptide concentration (Figure 3c).
We repeated the experiments illustrated by Figure 3c with
an excess of 4µM â2m which did not affect the binding
rate constants. However the dependence of the fast phase

amplitude on peptide concentration was almost completely
eliminated (Figure 3d). Therefore the fast phase is a second-
order process assigned to peptide binding to the heterodimer.
At constant heterodimer concentration the slow phase was a
function of both peptide andâ2m concentrations (Table 3).
Being therefore attributed to the complex assembly from H,
â2m, and peptide, the reaction is a consecutive second-order
process as depicted below by the kinetic scheme (eqs 1 and
2).
The temperature dependence of the heterodimer-peptide

complex formation kinetics was also studied, and both the
fast and slow phases exhibited a similar behavior (Figure
3a,b). The rate constants of the second-order binding process
were determined for all peptides in the temperature range
of 0-20 °C. The resultant Arrhenius plots are presented in
Figure 4a. The temperature dependence was linear for all
peptides, having within limits of experimental errors practi-
cally the same slopes. The binding rate constants at
physiological temperature were calculated by linear extrapo-
lation of the Arrhenius plots to 37°C as 3-5 × 106 M-1

s-1.
We found it noteworthy that the contributions of both fast

and slow phases to the binding process were rather sensitive
to the design of the experimental protocol: Very different
patterns were observed in experiments with identical initial
concentrations of the reagents depending on the temporal
sequence of their mixing. For example, curve 2 in Figure 5
was obtained following dilution of the empty H-2Kd het-
erodimer from a stock (5µL of 2 µM heterodimer and 3
µM excess ofâ2m) into 135µL of 0.5 µM dNP22 solution.
In contrast, curve 1 was obtained upon first diluting 5µL of
the above stock into 125µL of buffer and adding the dNP22
(10 µL of 7 µM) after 20 min incubation at 37°C. The
latter protocol eliminated the fast binding phase which was
very pronounced when the protein was reacted immediately
with the peptide.
Peptide Dissociation Measurements.The peptide dis-

sociation kinetics were studied by adding an excess (50µM)
of competitive nonlabeled peptide, NP1, to H-2Kd-labeled

FIGURE 3: Time course of dNP22 binding to H-2Kd monitored by
the nonradiative energy transfer from the heterodimer intrinsic
tryptophans to the dansyl group carried on the bound peptide as a
function of temperature (excitation 290 nm, emission 510 nm): (a)
slow phase, [H-2Kd] ) 0.4µM, [dNP22]) 3 µM, [â2m] ) 1 µM,
t ) 3 °C (1), 5°C (2), 19°C (3), 34°C (4); (b) fast phase, [H-2Kd]
) 0.06µM, [dNP22]) 0.5µM, t ) 0 °C (1), 5°C (2), 10°C (3),
15 °C (4). Time course of dNP21 binding to H-2Kd in the absence
(c) or presence (d) of 4µM â2m excess att ) 10 °C; 0.5µL of a
stock solution (H-2Kd, 2 µM; â2m, 3µM) was diluted into 140µL
of solution of the following dNP21 concentrations: 0.05µM (1),
0.1 µM (2), 0.2µM (3), and 0.8µM (4).

Table 2: Time and Rate Constants of the Fast Binding Phase of
dNP21 and dNP22 to the H-2Kd Molecule as a Function of Peptide
Concentrationa

[H-2Kd]
(µM)

[dNP21]
(µM)

[dNP22]
(µM) τ (s)

k2
(105 s-1 M-1) T (°C)

0.014 0.075 113( 10 1.1( 0.2 10
0.014 0.15 67( 8 1.0( 0.2 10
0.014 0.3 21( 5 1.6( 0.3 10
0.014 0.6 13( 4 1.3( 0.3 10
0.014 1.2 8( 3 1.1( 0.4 10
0.02 0.14 147( 10 0.49( 0.04 0
0.02 0.27 78( 7 0.47( 0.05 0
0.02 0.54 34( 4 0.55( 0.06 0
a In the experiment 1µL (dNP21) or 1.5µL (dNP22) of stock of

H-2Kd protein (2µM heterodimer and 3 mMâ2m) was added into 140
µL of peptide solutions of different concentrations.

Table 3: Binding Time Constants of the Dansylated Peptide dNP22
to the H-2Kd Molecule as a Function ofâ2m and Peptide
Concentration,t ) 10 °C

[heavy chain] (µM) [â2m] (µM) [dNP22] (µM) τ (s)

0.2 1.2 1.0 383( 20
0.2 1.2 3.0 200( 15
0.2 1.2 6.0 113( 10
0.4 0.4 3.0 340( 20
0.4 1.4 3.0 211( 15

FIGURE 4: Arrhenius plots of the association and dissociation rate
constants of H-2Kd complexes with dNP19 (O), dNP20 (×), dNP21
(*), dNP22 (+), and dNP23 (b); 20 mM TRIS solution, pH 7.5.
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peptide complexes. These were prepared by mixing (∼0.1
µM) heterodimer with 0.5µM dansylated peptides in the
presence or absence of 4µM excess ofâ2m. It can be seen
(Figure 6) that at 37°C the complexes were produced within
a few seconds. Complexes with dNP19, dNP20, dNP22, and
dNP23 exhibited no further change in their fluorescence
intensity after reaching a maximum during the first 2 min.

A slow declining phase was however observed for the dNP21
(Figure 6a) and dNP1 (not shown) complexes which was
eliminated when the excess ofâ2m (4 µM) was present
(Figure 6b). The dissociation process induced by addition
of a competing, nondansylated peptide did not depend on
eitherâ2m or the initial complex concentrations and exhib-
ited, for all examined peptides, a double-exponential decay
pattern. Parameters of the double-exponential fit to this
decay curve are listed in Table 4. Complexes with peptides
dNP19, dNP20, dNP22, and dNP23 dissociated mainly (70-
90%) with a slower rate constant (k2f), whereas dNP21 and
dNP1 dissociated primarily with the faster one (k1f). The
temperature dependence of the rate constants calculated from
the dominant exponential term of the dissociation curve is
presented in Figure 4b. Significantly, the slopes of all these
plots were practically the same though the dissociation rate
constants were quite different.
Assembly ReVersibility. Experiments designed in order to

study the reversibility of the ternary complex assembly and
its thermal stability are illustrated by Figure 7; a solution of
the H-2Kd-dNP19 complex was heated at 58°C for 12 min
(phase 2). This thermal treatment caused complete dissocia-
tion of the complex. The sample was reequilibrated at 37
°C within ca. 2 min, and the fluorescence signal due to
complex formation began being restored. The time course
of this restoration was significantly slower (phase 3) than
that of its initial formation (phase 1). The reassembled
complex exhibited the same dissociation kinetics (phase 4)
as that determined for similar ones that did not undergo
heating. Reassembly of the complex was however blocked

FIGURE 5: Time course of dNP22 binding to H-2Kd monitored by
the nonradiative energy transfer (excitation 290 nm, emission 530
nm) as a function of initial experimental conditions att ) 37 °C;
[H-2Kd ] ) 0.1 µM, [dNP22]) 0.5 µM, [â2m] ) 0.15µM: (1)
H-2Kd preincubated at 37°C for 20 min before addition of the
peptide, (2) H-2Kd stock solution 20-fold diluted from 2µM H-2Kd

heterodimer+ 3 µM excess ofâ2m directly into a 0.5µM dNP22
solution.

FIGURE6: Time course of peptide dissociation from H-2Kd complex
with different dansylated peptides as a function ofâ2m concentration
(t ) 37 °C). The peptide exchange reaction was started by addition
of 50 µM of the nonlabeled peptide NP1 to the samples. Peptide
complexes were prepared by mixing (a, b) [H-2Kd] ) 70 nM,
[dNP21]) 2 µM on (c, d) [H-2Kd] ) 80 nM, [dNP19]) 0.5µM;
4 µM excess ofâ2m above equimolar ratio of the heterodimer was
added in experiments b and d.

Table 4: Analysis of Peptide Dissociation Kinetics of the H-2Kd Complex with Different Fluorescently Labeled Peptidesa

peptide [â2m] (µM) R1 amplitude k1f (s-1) R2 amplitude k2f (s-1)

dNP1 0.60( 0.10 0.5( 0.2 0.40( 0.10 (0.9( 0.3)× 10-1

dNP19 0.10( 0.04 (0.11( 0.02)× 10-1 0.90( 0.05 (0.95( 0.08)× 10-3

dNP19 3.4 0.09( 0.04 (0.14( 0.02)× 10-1 0.91( 0.05 (1.00( 0.06)× 10-3

dNP20 0.10( 0.04 (0.17( 0.03)× 10-1 0.90( 0.10 (0.56( 0.04)× 10-3

dNP21 4.2 0.95( 0.05 (0.29( 0.03)× 10-1 0.05( 0.04 (0.43( 0.06)× 10-2

dNP21 0.95( 0.04 (0.25( 0.03)× 10-1 0.05( 0.05 (0.50( 0.10)× 10-2

dNP22 0.20( 0.10 (0.20( 0.03)× 10-1 0.80( 0.10 (0.43( 0.04)× 10-2

dNP23 0.30( 0.04 (0.67( 0.06)× 10-2 0.70( 0.10 (0.83( 0.06)× 10-3

aDissociation was induced by addition of 50µM nonlabeled NP1 peptide; [H-2Kd] ) 0.1 µM, t ) 37 °C. The time course of the complex
dissociation was fitted to a following biexponential function:y(t) ) R1 exp(-k1ft) + R2 exp(-k2ft), wherey(t) is the fluorescence intensity change
(normalized to 1),R1 andR2 are the preexponential factors reflecting the fluorescence intensity amplitude, andk1f andk2f are the peptide dissociation
rate constants from the unstable (HLP) and stable ({HLP}) conformations (see Discussion).

FIGURE 7: Reversibility of H-2Kd-peptide complex assembly and
dissociation. [H-2Kd] ) 80 nM and [dNP19]) 0.5 µM, t ) 37
°C, were reacted at the first phase of experiment (1). The produced
complex was dissociated by heating at 58°C for 12.5 min (2). The
sample was then cooled back to 37°C for 2 min, and the
fluorescence signal monitored at 530 nm was almost completely
(90%) restored during this third phase of the experiment (3).
Dissociation of the peptide from the complex was then induced by
addition of 50µM NP1 peptide at the indicated time point (4).
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when 1% of a detergent (Triton X-100) was added to the
sample (not shown).

DISCUSSION

Two discrete phases were resolved in the time course of
H-2Kd association with all peptides employed in this study
(Figures 3, 5). The fast phase was shown to be a second-
order process and is attributed to the association of peptides
with the heterodimer. The slow phase was found to depend
on the concentration of all three reaction partners and
therefore is attributed to the complex assembly by a
consecutive reaction of the separated heterodimer chains and
peptide. Therefore, the biphasic reaction reflects existence
of the heterodimer in equilibrium with its dissociated
components. The ratio of these two states is a function of
the heavy chain andâ2m concentrations. This is illustrated
by the dilution-induced dissociation of the empty H-2Kd

heterodimer shown in Figure 3c. In this experiment (at 10
°C) the rates of the heterodimer dissociation and peptide
binding to it were of the same order of magnitude. Therefore
the amount of ternary complexes produced in this reaction
by association of the heterodimer and peptide (as reflected
by the amplitude of the fast binding phase) was determined
by the rate of the heterodimer dissociation and reactant
concentrations. As a result we monitored a decrease in the
complex production yield upon slowing down the peptide
binding rate by decreasing peptide concentration. The
ternary complex assembly from the three separated compo-
nents was much slower under these experimental conditions
and did not contribute to the observed reaction. These
measurements allow to estimate the empty heterodimer
dissociation rate constant. As the reaction amplitude de-
creased by one-half when the binding time constant was
slowed down from 12 s (curve 4) to 60 s (curve 1) upon
lowering the peptide concentration, we estimated the dis-
sociation rate of the empty heterodimer to be about 2( 1×
10-2 s-1. At physiological temperature (37°C) we expect
it to be severalfold faster.
The ternary complex assembly may therefore be described

by the following reaction scheme where the first step (k1)
represents the heterodimer assembly from the heavy chain
(H) andâ2m (L) followed by peptide (P) binding (k2):

The second route where the heavy chain first binds the
peptide (k3) and then associates with the light chain (k4)
apparently operates only at a high peptide concentration
(Table 3). In addition since HP dissociation was fast
(unpublished results), the yield of the ternary complex
production is strongly determined byâ2m concentration.
The peptide binding experiments (Figure 3) clearly show

that the multiple-phase kinetics of peptide binding is a result
of the heterodimer’s instability. When its dissociation is
attenuated by addition ofâ2m excess, the equilibrium shifts
toward the heterodimer and the reaction amplitude depen-
dence on peptide concentration is eliminated (Figure 3d).
Under these experimental conditions, peptide binding to the
heterodimer becomes a regular bimolecular process. The

observed biphasic binding (Figure 3a) is therefore not a result
of the existence of two binding sites with different affinities
as has been previously suggested (Boyd et al., 1992) but
rather a result of the ternary complex assembly from either
the empty heterodimer and peptide or the separated chains
and peptide.
A similar manifestation of the heterodimer’s limited

stability is also evident in the results of experiments
illustrated in Figure 5. The fast bimolecular binding phase
was observed when stock solution of the heterodimer (where
the heterodimer was the dominant component) was directly
diluted into a 0.5µM dNP22 solution. However, this fast
phase completely disappeared when the heterodimer was first
diluted to the same concentration as in the previous case,
yet the peptide was added only after 20 min incubation at
37 °C. Therefore, disappearance of the fast phase is a result
of the heterodimer dissociation induced by dilution, and the
monitored complex assembly was from its three separated
components.
The lability of the heterodimer is thus a result of the

limited affinity of the heavy chain andâ2m. The low affinity
is not an artifactual result of using a murine H chain-human
â2m hybrid heterodimer, since the Kd-human â2m het-
erodimer is slightly more stable than Kd-mouse â2m
heterodimer (Fahnestock et al., 1994). The separated heavy
chain andâ2m are sufficiently stable so that we observed an
almost complete reversibility of NP19 complex assembly
even after being heated to 58°C (Figure 7). This is in good
agreement with results of the previous thermal stability
studies (Fahnestock et al., 1992) showing that the H-2Kd-
peptide complex exhibits proper refolding even after being
heated to 80°C. In our experiments, the reassembly rate of
the ternary complex was slower than that of its original
formation since the former proceeded from the separated (and
probably partially unfolded) chains of the heterodimer and
peptide, whereas the complex production in the experiment’s
first phase was mainly the result of peptide binding to the
heterodimer. Interaction of detergent molecules with dis-
sociated heavy and light chains apparently hinders their
reassociation and therefore makes the complex dissociation
irreversible. This again is in good agreement with reported
earlier results (Matsumura et al., 1992).
Comparison of experiments done with equimolar concen-

trations of the heavy chain andâ2m with those done using
an excess ofâ2m show thatâ2m concentration does not affect
the peptide binding rate constant,k2, but shifts the equilibrium
to the formation of more heterodimers. Therefore, the role
of â2m is in forming the high-affinity sites in agreement with
other results showing that peptide binding does not require
the concomitant separation of the heavy chain andâ2m
(Matsumura et al., 1992). Althoughâ2m is only indirectly
involved in creating the high-affinity binding site, its
interaction with the heavy chain most probably changes H
conformation. It is known from the protein’s sequence and
three-dimensional structure that only theR1 domain lacks
the disulfide bridge which is probably required for stability
of its active fold (Smith et al., 1994). We suggest that the
R1-â2m interaction compensates for the absence of the latter
disulfide bond and promotes stability of its folding. Al-
though peptide binding does not requireâ2m dissociation
from the heavy chain and peptide binding to the heterodimer
is relatively fast, the binding rate constant is smaller than
the lower limit of the diffusion controlled processes by about
1 order of magnitude 3-5 × 106 M-1 s-1. This not only

H + L {\}
k1

k-1
HL + P {\}

k2

k-2
HLP (1)

H + P {\}
k3

k-3
HP+ L {\}

k4

k-4
HLP (2)
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could be a result of an enthalpic contribution to the activation
energy but also might reflect an entropic barrier in the
system.

While the bimolecular peptide binding rate constants did
not exhibit a marked dependence on the structure of the
studied peptides (Figure 4a), the dissociation rate constants
did (Figure 4b). This is further illustrated by the Arrhenius
plots of the dissociation constants of all studied peptides
which were also linear in the temperature range 0-37 °C
and had practically the same slopes but differed in intercept
values (Table 1).

The dNP20 complex exhibited the slowest dissociation rate
constant (0.56× 10-3 s-1 at 37 °C), whereas dNP21 and
dNP1 dissociated much faster (0.25× 10-1 and 0.5 s-1 at
37 °C, cf. Table 4). All H-2Kd-peptide complexes except
for the least stable ones (NP21 and dNP1) did not show any
marked decay withoutâ2m excess, and only addition of the
nonlabeled NP1 peptide induced decay of the fluorescence
signal due to the peptide dissociation. The observed slow
decay of the dNP21 and dNP1 complexes was found to be
a result of â2m dissociation, since it was essentially
eliminated by an excess ofâ2m. We did not observeâ2m
dissociation from complexes with the other peptides (dNP19,
dNP20, dNP22, dNP23), most probably because the process
was too slow to be resolved on an examined time scale.
Although the ternary complex dissociation can proceed by
dissociation of either peptide orâ2m, the peptide dissociation
rates are faster and hence determine the complexes’ lifetimes.
The rate constant ofâ2m dissociation from the ternary
complexes is significantly slower than that of the empty
heterodimer. Even for one of the less stable complexes with
dNP21, the rate constant ofâ2m dissociation was slower at
37 °C (1× 10-3 s-1) than that of the empty heterodimer (2
× 10-2 s-1) at 10°C. Thus, peptide binding stabilizes the
ternary complex, and the stabilization is higher the slower
the peptide dissociation rate constant.

Peptide dissociation and replacement kinetics were inde-
pendent of either the complex or addedâ2m concentrations
and are therefore reflecting a unimolecular process. Surpris-
ingly though, the observed decay functions were biexpo-
nential (Table 4). Since all the employed peptides were
highly purified, we assign the phase with the smaller
amplitude (10-30%) of the more stable ternary complexes
(with dNP19, dNP20, dNP22, and dNP23) to the decay of
their lower stability conformers. In contrast, the main
fraction of the less stable complexes (with dNP21 and dNP1)
dissociated very fast, and only a minor fraction decayed at
a slower rate, apparently from a more stable conformer.
Hence we note that the slower the peptide dissociation rate
constant, the higher the relative weight of the longer lived
component in the peptide dissociation process. Therefore,
peptides of an appropriate structure probably can induce a
conformational change in the heavy chain. The probability
of such a transition determines the ratio of the long to short
decay components of peptide dissociation from the ternary
complex.

The conformational transition induced in the heavy chain
upon peptide binding increases the heavy chain-â2m affinity.
This increases the stability of the ternary complex to the
extent that its lifetime is determined by the peptide dissocia-
tion which in turn is a function of its structure. Therefore
the above complex assembly scheme is extended by the
following step where HLP and{HLP} are the lower and

higher stability conformations.

The proposed existence of the ternary complex’s two
conformations is based on the observed increase in affinity
of the heavy chain forâ2m upon peptide binding and the
biexponential kinetics of peptide dissociation. Moreover this
notion is in agreement with results of time-resolved intrinsic
tryptophan fluorescence measurements of the single-chain
H-2Kd (SC-2Kd) and H-2Kd and their peptide complex
(Dittes et al., 1994; Gakamsky et al., 1996). The multiple
tryptophan residues in the Kd molecules enables a nonra-
diative energy transfer among them which affects its
fluorescence pattern (Gakamsky et al., 1995). A comparison
between the energy transfer among tryptophan residues in
the heterodimer and in its complex with NP21 shows that it
is more efficient in the ternary complex. Since six of the
tryptophans are in the vicinity of the binding groove and
the energy transfer is a function of separation distances
between the donor and acceptor and their orientations, we
concluded that peptide binding induced a conformational
change in the molecule. From analysis of the energy transfer
kinetics, we further concluded that the structural changes
occurred at least proximal to the binding groove terminals.
It is interesting to note that the maximum of the dansyl

emission of the least stable complexes (i.e., dNP1 and
dNP21) is shifted to 490 nm, whereas those of the other
complexes were at about 525 nm. It is well known that the
position of the emission maximum of dansyl molecule
correlates with polarity of its microenvironment: the shorter
the wavelength of the dye’s emission, the lower its envi-
ronment’s polarity. Therefore, the dansyl group of dNP1
and dNP21 becomes less exposed to water upon H-2Kd

binding. The low affinity of dNP1 was expected since
structural studies have shown that peptide’s N-terminal amino
group is hydrogen bonded to the site (Latron et al., 1992;
Madden et al., 1991). Dansylation of this amino group
obviously prevents that interaction and hence reduces the
affinity. The low affinity of dNP21 was unexpected and is
most probably a result of the dansyl perturbing the fit into
the H-2Kd binding groove. The pronounced blue shift of
the dansyl’s emission maximum clearly suggests that it is
screened from water, but optimal binding interactions into
the groove are apparently compromised.
The above reaction scheme explains theâ2m concentration

dependence of the equilibrium titration results. Equilibrium
titrations of an unstable binding site cannot be depicted by
a simple bimolecular reaction where the saturation binding
term in the Scatchard plot coordinates yields the equilibrium
dissociation constant. Due to the limited stability of the
heterodimer, the ternary complex assembly kinetics are
biexponential and proceed either by peptide binding to the
heterodimer with a time constantτ2 or as assembly from
three separated components with a time constantτ1. In the
studied cases these two time constants differ by about 2
orders of magnitude. The contributions of these two
processes is determined by the concentrations of the het-
erodimer, its constituents, and the peptide. Excess ofâ2m
shifts the equilibrium to produce the heterodimer and
decreases concentration of the dissociated heavy chains.
Therefore, the lower the dissociated fraction, the more the
reaction corresponds to the bimolecular scheme and the

HLPa {HLP} (3)
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closer is the Scatchard plot to a linear function. Under this
experimental condition, the average assembly rate constant,
kon, approximates the rate constant of the peptide binding to
the heterodimer,k2, and the peptide equilibrium dissociation
constant,Kd, calculated as the slope of the Scatchard plot,
becomes closer to the ratio of dissociation to association rate
constants.
The three interacting components of H-2Kd-peptide are

an example of a system operating under allosteric control:
Association ofâ2m with the heavy chain promotes the final
folding ofR1 domain causing the peptide binding site to attain
its high-affinity conformation which promotes peptide bind-
ing. Peptide bound to the heterodimer interacts with the
groove residues thereby inducing a change in conformation
of the heavy chain and increasing its affinity forâ2m. This
in turn shifts the complex to its stable ternary conformation.
In contrast, peptide dissociation shifts the heterodimer back
to its low-affinity conformation which results inâ2m
dissociation. Thus, we hypothesize that the noncovalent
association ofâ2m with the heavy chain and the lack of
disulfide bridge in theR1 domain are structural elements
yielding a positive feedback in the ternary complex assembly.
This feature of the class I MHC molecules is rationalized
by its functional requirements: Peptide structure determines
the ternary complex lifetime, and peptide rebinding to class
I molecule on the cell surface is rendered unlikely by the
instability of empty heterodimers and the low peptide affinity
of the isolated heavy chains. Therefore the limited stability
of the heterodimer controlled by the above allosteric mech-
anism has an important immunological significance.
The direct experimentally resolved observation of the

peptide binding process to the class I MHC heterodimer and
elucidation of the role ofâ2m in the complex assembly
reported here were attained by the application of nonradiative
energy transfer for monitoring the ternary complex formation.
We found that the peptide binding rate constants are about
5 orders of magnitude higher than those measured for H-2Ld

by spun-column gel filtration (10 M-1 s-1) (Boyd et al., 1992)
and 2 orders of magnitude faster than those determined by
the fluorescence binding assay for the SC-2Kd (1.14× 103

M-1 s-1) (Ojcius et al., 1993). The marked differences
between values reported here and that determined by Boyd
et al. could be due to the limited time resolution of the
employed method. A possible reason of discrepancy between
the peptide binding rate constant to the SC-Kd and H-2Kd

molecules may lie in structural constrains imposed by the
covalent linkage within the SC-Kd.
The resolution provided by the present method enables a

detailed quantitative examination of the nature of the
peptide-H-2Kd interactions, specifically how the peptide
dissociation rate constants determine the affinity of different
peptides. To further deepen our understanding of the
complex assembly mechanism, it would be important to
investigate how the peptide’s termini and side chains’
interactions with the binding groove stabilize the conforma-
tion of the ternary complex. Are the same atomic contacts
between peptide and the heavy chain responsible for this
binding and for the transition of the heavy chain to its stable
conformation? To this end it is important to clarify the
mechanism of the complex dissociation: whether fluctuations
in the interface between the heavy chain andâ2m induce
the peptide dissociation from the ternary complex or the
peptide dissociation induces the heavy chain conformational
transition and henceâ2m dssociation.
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