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ABSTRACT The kinetics of the reactions between fluores-
cently labeled sperm whale myoglobln-(110-121) peptide and
the marine major histocompatibility complex class II protein
I-Ed have been analyzed. The presence in solution ofboth short-
and long-lived proteinpeptide complexes is demonstrated by
the biphasic dissociation of the myoglobin peptide from I.Ed.
The formation of the long-lived terminal complex is preceded
by a characteristic induction phase. It is shown that the initially
formed complex of the myoglobin peptide and I-Ed is a kinetic
intermediate that undergoes a unimolecular reaction to form
the terminal complex. Reactions between peptides and the class
II proteins thus involve an intermediate structurally distinct
from the terminal complex. The terminal complex presumably
has a structure that is biologically active and similar to the
published class I protein-peptide crystal structure.

Proteins of the class II major histocompatibility complex
(MHC II) present antigenic peptides to receptors on the
surface of T cells. To fulfill its function, an MHC II protein
must tightly bind a diverse library of peptides to ensure the
eventual engagement of a cognate T-cell receptor. Crystal-
lographic analysis of an MHC II protein bound to a single
peptide has revealed a structural motiffor this avid, relatively
nonspecific binding-the predominant binding interactions
are a series of hydrogen bonds directed toward the peptide
backbone (1). Alignment ofthe peptide within the binding site
is likely to be a cooperative process in which the energetics
are sensitive to deleterious steric contacts between the pep-
tide side chains and protein. These structural features should
be reflected in the kinetics of the reactions between peptides
and MHC II proteins.

Reactions between peptides and MHC II proteins have
been described with a peptide-replacement reaction mecha-
nism (2). The proteins are initially occupied with endogenous
peptides; slow dissociation of these self-peptides precedes
binding of an added peptide. Thus, the rate for loss of
endogenous peptide is reflected in the association reaction-
higher levels ofoccupancy are only achieved over longer time
periods. The half-times (t1/2) of formation for MHC II pro-
tein-peptide complexes increase as the peptide concentra-
tion, and thus occupancy, increases. Once formed, the com-
plexes are often very stable with slow dissociation rates that
are relatively insensitive to the peptide structure (3). How-
ever, it has been suggested recently that some peptides form
unstable complexes that evade immunosurveillance and con-
tribute to autoimmune diseases (ref. 4; K. Mason, D. W.
Denney, Jr., and H.M.M., unpublished work).

Antigenic peptides restricted to a particular MHC II pro-
tein often differ in apparent affinities. The sperm whale
myoglobin-(110-121) peptide (Myo) is an antigenic peptide
(6) with a low apparent affinity for the murineMHC II protein

I-Ed (7). For example, a 200-fold excess of the Myo peptide
is required to inhibit 50o of the binding of the A-repressor-
(12-26) or hen egg white lysozyme-(105-120) (HEL) peptides
to I-Ed (8). However, we have found that the amount of
peptide-I-Ed complex formed with either Myo orHEL differs
by only a factor of two. Further examination has revealed a
biphasic dissociation of Myo from I-Ed with t1/2 values of 15
min and 6 hr. We report here that Myo and I-Ed initially form
a kinetic intermediate that undergoes a unimolecular reaction
to form a terminal complex. A kinetic intermediate is not
surprising, given the complexity of a published MHC II
protein-peptide crystal structure (1).

MATERIALS AND METHODS
Purification of I-Ed. Detailed procedures have been de-

scribed (9). Briefly, the Nonidet P-40 lysate of A20-1.11 cells
was passed over a lentil lectin column that was subsequently
eluted onto an affinity column derived from the monoclonal
antibody 14.4.4S. The Nonidet P-40 detergent was exchanged
with 1 mM n-dodecyl P-mannoside (DM), and the I-Ed was
eluted from the affinity column with 1 mM DM/0.5 M
NaCl/0.1 M Na2CO3, pH 11.5. Upon neutralization, the
protein solution was dialyzed into 1 mM DM/phosphate-
buffered saline (PBS) at pH 7.0 and 40C; protein concentra-
tions were determined with a Micro BCA assay (Pierce).

Peptide Synthesis. The peptides Myo (AIIHVLHSRHPG)
and HEL (MNAWVAWRNRCKGTDV) were synthesized
on an Applied Biosystems model 431A instrument with
standard 9-fluorenylmethoxycarbonyl chemistry. Protected,
resin-bound peptides were labeled at the N terminus with the
N-hydroxysuccinimde ester of 5/6-carboxyfluorescein (Mo-
lecular Probes) in dimethylformamide. Both labeled and
unlabeled peptides were cleaved from the resin with trifluoro-
acetic acid in the presence of scavengers. Peptides were
purified by reverse-phase chromatography (acetonitrile/
water gradient), and their identities were confirmed with
high-resolution mass spectrometry.

Kinetic Analyses. Solutions of 0.1 ,uM I-Ed and labeled
peptide in 1 mM DM/PBS/100 mM sodium citrate, pH 5.7,
were incubated at 3rC. Periodically, 50- to 100- 4 aliquots
were removed and eluted on a small (0.7 x 3.5 cm) Sephadex
G50-SF (Pharmacia) size-exclusion column with 1 mM DM/
PBS, pH 7.0 at 40C. The eluant was analyzed by high-
performance size-exclusion chromatography (HPSEC) with
a TosoHaas TSK SW3000 column (0.75 x 60 cm) connected
to fluorescence and UV detectors in series (10). The HPSEC
elutions used 1 mM DM/PBS (pH 7.0) at 1 ml-min- and

Abbreviations: MHC II, major histocompatibility complex class II;
Myo, a synthetic peptide corresponding to residues 110-121 ofsperm
whale myoglobin; HEL, a synthetic peptide corresponding to resi-
dues 105-120 ofhen egg white lysozyme; f-Myo, carboxyfluorescein-
labeled Myo; f-HEL, carboxyfluorescein-labeled HEL peptide; DM,
n-dodecyl 3-maltoside; HPSEC, high-performance size-exclusion
chromatography.
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ambient temperatures (20-230C); the protein-peptide com-
plex was eluted in -15 min. The complexes were stable at pH
7.0 relative to time required for analysis. In several experi-
ments, a mixture of protease inhibitors (11) was added to the
buffer.
For peptide-dissociation kinetics, aliquots taken from a

protein-peptide incubation were eluted on the small Sephadex
columns with the pH 5.7 buffer at 40C, treated with a concen-
trated solution ofthe unlabeled peptide, and incubated at 37°C.
Periodically, aliquots were removed and analyzed as de-
scribed above for association kinetics. To fluorescently label
I-Ed, a 4-fold excess of the N-hydroxysuccinimide ester of
5/6-carboxyfluorescein in dimethyl sulfoxide was added drop-
wise to I-Ed in 1 mM DM/PBS/100 mM NaHCO3, pH 8.3, at
4oC. After 4 hr, the reaction was quenched with 1.5 M
hydroxylamine, pH 8, and fluoresceinated I-Ed was purified
with a Sephadex G50-SF column (1 x 15 cm) in 1 mM
DM/PBS, pH 7 followed by HPSEC. Dissociation of the
labeled I-Ed heterodimer into monomers was monitored by
HPSEC; the a and (3 monomers eluted at 18 ml.

RESULTS
Kinetics of Carboxyfluorescein-Labeled Myo (f-Myo) and

I-Ed Reactions. The binding off-Myo and carboxyfluorescein-
labeled HEL (f-HEL), was assayed by size-exclusion chro-
matography using a fluorescence detector. The affinities ofthe
peptides are not affected by the carboxyfluorescein. An equal
amount of unlabeled peptide inhibited 50% of the labeled
peptide binding. The formation of f-Myo/I-Ed complexes at
different peptide concentrations is illustrated in Fig. 1. The
maximum amount of protein bound with 10 pkM f-Myo and 10
pM f-HEL was :0.15 and 0.30 mole fraction, respectively.
The low occupancies presumably are due to endogenous
peptides that are tightly bound to the MHC II protein (12).
The rates of formation of the f-Myo/I-Ed and f-HEL/I-Ed

complexes were similar (t1/2 values from 1-10 hr). The
negative slope for a plot of the t1/2 of formation versus
reciprocal peptide concentration (Fig. 1 Inset) is a common
feature ofthe reaction between peptides andMHC II proteins
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FIG. 1. Formation ofthe f-Myo/I-Ed complex at different peptide
concentrations. Solutions of 0.1 AM I-Ed in the pH 5.7 buffer were
incubated at 37°C with 0.5 ,uM (A), 1 AM (-), 5 IAM (*), and 10 ,uM
(v) f-Myo. The mole fraction of peptide bound to protein was
determined from the fluorescence of the purified complex and the
protein UV absorption. The solid lines are single exponential fits to
the data. As can be seen, the amount of complex formed decreases
after some time at low peptide concentrations (0.5 and 1 ,uM f-Myo);
these data points were not included in the exponential fit. The plot
of the t1/2 values versus reciprocal peptide concentration (Inset) was
derived from the illustrated data.

(2). The slope reflects the slow rate for dissociation of
endogenous peptide that precedes binding of labeled peptide.
Maximum protein occupancy, achieved with high peptide
concentrations, requires an extended time to allow for com-
plete dissociation of these self-peptides. The amount of
f-Myo/I-Ed complex formed in the presence of low f-Myo
concentrations diminished after achieving a maximum; this
was not observed at higher peptide concentrations (Fig. 1).

Solutions of I-Ed were incubated in buffer before the
addition of f-Myo to assay the loss of potentially reactive
MHC II protein. The maximum amount of f-Myo/I-Ed com-
plex formed was decreased as the preincubation period was
lengthened (Fig. 2). Evidently, the protein is inactivated in
the absence of peptide. Dissociation of the MHC II het-
erodimer into a and (B chains, previously reported to occur in
n-octyl /3glucoside detergent solutions (13), has not been
observed in DM solutions. The I-Ed protein itself was fluo-
resceinated and incubated in buffer in the absence or pres-
ence of unlabeled peptide. Dissociation of the heterodimer
into monomers in the absence ofpeptide (data not shown) did
not correlate with the loss in activity illustrated in Fig. 2.
Addition of unlabeled peptide decreased the dissociation.
The inactivation also occurred in the presence of protease
inhibitors (11). Aggregation of the protein was not detected.
Inactivation of the empty MHC II protein may be due to
partial denaturation.

Dissociation of f-Myo from I-Ed is biphasic (Fig. 3); t1/2
values of 15 min and 6 hr were obtained from a fit of the
dissociation curves to a double exponential function. In con-
trast, dissociation off-HEL from I-Ed is monophasic with a t1/2
value of 23 hr (data not shown). The relative amplitudes ofthe
two phases for the f-Myo/I-Ed dissociation reaction depended
upon the time used to prepare the complex (Fig. 4). The
f-Myo/I-Ed complex isolated after 4 hr of incubation with
excess peptide (10 ,uM) had a monophasic dissociation (t1/2 Of
15 min). The more long-lived complex was initially detected
after 6 hr of incubation and reached a steady-state relative
amplitude of 20%o by 24 hr (Fig. 4). The relative amplitudes of
the two f-Myo/I-Ed dissociation phases were independent of
the concentration of peptide used in the formation reaction.

Competition experiments were done to evaluate the spec-
ificity of the two subpopulations seen in the biphasic disso-
ciation of f-Myo/I-Ed. An equal concentration of HEL in-
hibited >95% of the binding off-Myo to I-Ed; a 25-fold excess
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FIG. 2. Decrease in the maximum amount ofI-Ed bound by f-Myo
as a function of the length of preincubation. Solutions of 0.1 /M I-Ed
were incubated at 37°C in the pH 5.7 buffer for different times before
the addition of f-Myo (5 ,uM final concentration). Binding curves
were obtained (as in Fig. 1), and the decrease was calculated from the
steady-state amount of complex formed (20-30 hr) relative to the
amount formed without preincubation. The solid line is a single
exponential fit to the data 01/2 of 16 hr).
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FIG. 3. Dissociation of f-Myo from I-Ed. A solution of 0.1 /AM
I-Ed in the pH 5.7 buffer was incubated at 37TC with 10 juM f-Myo
for 24 hr. The complex was separated from excess peptide at pH 5.7
(40C), treated with a concentrated solution of unlabeled peptide, and
incubated at 37TC. The amount of complex present as a function of
time was determined as described for Fig. 1. A double exponential
fit to the data (solid line) gave t1/2 values of 15 min (80%6) and 6 hr
(20M).

of f-Myo relative to HEL was required to recover 50%o of the
binding. The Myo peptide has previously been shown to be a
weak competitor for HEL binding to I-Ed (7); indeed, a 10-fold
excess of Myo inhibited the binding off-HEL to I-Ed by only
20%. In either case, competition between the two peptides was
similar at both early and late phases of the formation reaction
(Fig. 5). The reactions off-HEL and f-Myo with I-Ed were not
inhibited by large excesses of the ovalbumin-(323-339) pep-
tide, a nonbinding peptide for I-Ed (14).

DISCUSSION

The reaction between f-Myo and I-Ed produces both a short-
and long-lived peptide-protein complex (Fig. 3). Competition
by HEL confirmed that both f-Myo/I-Ed subpopulations
were specific-i.e., probably bound in a cleft on the distal
face of the protein (1). A mechanism that involves the
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FIG. 4. Formation of the long-lived complex between f-Myo and
I-Ed, expressed as the mole percent of the total amount of complex
formed. Solutions of0.1 pM I-Ed in the pH 5.7 buffer were incubated
at 370C with 10 AM f-Myo. Periodically, aliquots were removed, and
the dissociation was evaluated as described for Fig. 3. The percent-
age ofthe long-lived complex was determined from the amplitudes of
double exponential fits of the dissociation curves. The dashed line is
from a numerical simulation ofthe mechanism described in text (Eqs.
1-4).
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FIG. 5. Competition between Myo and HEL peptides for binding
to I-Ed after 3-hr and 24-hr incubation. The percentage inhibition was
calculated from the amount of complex formed in the presence of
labeled and competitor peptides relative to the amount of complex
formed in the absence of competitor peptide. In the reactions of
f-Myo and HEL with I-Ed, the peptide concentrations were 5 /AM and
0.2 ,uM, respectively. In the reactions of f-HEL and Myo with I-Ed,
the peptide concentrations were 2 ,AM and 20 ,uM, respectively. The
concentration of I-Ed was 0.1 AuM.

formation of a kinetic intermediate (Eqs. 1-4) is consistent
with these observations:
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Loss of endogenous peptide (Eq. 1) produces an emptyMHC
molecule that subsequently binds labeled peptide (Eq. 2) to
form the kinetic intermediate; empty MHC not rescued by
peptide is inactivated (Eq. 4).
The proposed mechanism (Eqs. 1-4) was simulated nu-

merically. The inactivation of I-Ed incubated in the absence
of peptide (Fig. 2) was used to estimate the ratio kl/k4.
Because of the large excess of labeled peptide relative to the
protein, terms involving kL1 were eliminated. The bimolec-
ular rate constant k2 is not experimentally accessible. How-
ever, the ratio k2[P*]/k4 determines the onset of the inacti-
vation phase off-Myo/I-Ed seen at low peptide concentration
(Fig. 1); the value of k2 was adjusted to fit that behavior. The
values for k2 and k3 were set equal to the rate constants for
the rapid and slow phases of the f-Myo/I-Ed dissociations,
respectively. The value for k3 was adjusted to approximate
the formation of the long-lived f-Myo/I-Ed complex (Fig. 4).
The simulated formation of the two f-Myo/I-Ed complexes is
illustrated in Fig. 6; parameters used for the simulation are
given in Fig. 6 legend.
A critical kinetic feature apparent in the simulation of the

reaction between f-Myo and I-Ed (Fig. 6) is an induction
phase for production of the terminal complex. The long-lived
f-Myo/I-Ed complex, experimentally assayed from the pep-
tide dissociation, was not detected during the first 4 hr of
complex formation (Fig. 4). If the long-lived complex were
simply (i) peptide bound to a second site, (ii) a different
peptide orientation, or (iii) peptide bound to a different
protein, its formation would not have an induction phase.
Such complexes should have been detected within the first
hour of an association reaction. Thus, the long-lived species
observed in the dissociation of f-Myo from I-Ed must be the
product of a more rapidly formed species.
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affected by steric interplay between the peptide side chains
and protein. The protein might also require some conforma-
tional shuffling to fully accommodate the peptide side chains.
Conformational transitions of MHC II proteins have been
observed (16-18). Although an intermediate was not evident
in the reaction with f-HEL, the structural transitions atten-
dant to binding I-Ed are likely to be similar for both peptides.
A kinetic intermediate has also been observed in the reac-

tion between a cytochrome c peptide and the murine MHC II
protein I-Ek (8). Such intermediates are also suggested by

/ -. .......|discrepancies we have found between direct binding and
-...-----. competition for peptides that bind other murine MHC II

-; 30 haplotypes (data not shown). Thus, these intermediates may
10) s lo15 20 250 be general features of the reactions between peptides and00223MHC II proteins. Some fraction of the endogenous peptides

Time (hr) bound to MHC II proteins may also reflect intermediate
sueEShownis conformations. Recent experiments in this laboratory (datalustrative simulated bininng of f-Myo toI -Ed Sho, is not shown) indicate that many peptide association rates reflect

action of thne kinetic intermediate {aBP*}i (-. .-), the ...
iplex apP* (-), and the sum of the two complexes biphasic dissociation kinetics of endogenous peptides. The
rential equations for the mechanism described by Eqs. enhancement of MHC II protein-peptide dissociations by a
merically solved with MATHEMATICA version 2.1 (Wol- second peptide (5, 15, 19) may be the result of a two-peptide
;h, Champaign, IL). Parameters used for the simulation complex formed between the binding peptide and a kinetic
ows: ki = 8 x 10-5 s-1, k2 = 4 x 106 M-1 s-1, k-2 = 8 intermediate. Arguments have been advanced that rapid dis-
k3 = 7 X 1O-6s-1, k-3 = 2 X 10-5 s-1, k4 = 10-3 S-1, sociation of myelin basic protein peptides from the MHC II
Li ,uM, [P*]o = 5 uM. Terms involving k-1 were molecules I-Ak and I-AU plays a role in the induction of an

autoimmune disease (ref. 4; K. Mason, D. W. Denny, Jr., and
peptide strongly competes with f-Myo for I-Ed H.M.M., unpublished work). It will be of interest to determine
a 2-fold hetter hindina Rvidentlv the initial what role intermediates play in these kinetics.LI 11>lVWaCL-LPLL% VtJIIJI1D A.;V1%A%,1L1J6 t1,11% ARIALA"A

encounter between the HEL peptide and I-Ed yields a com-
plex that dissociates slowly. The formation of a kinetic
intermediate is not detected. The f-HEL peptide might form
a kinetic intermediate that is not detected because it converts
too rapidly to the terminal complex. Conversely, an f-HEL
kinetic intermediate itself may have a very low peptide
dissociation rate. It has been shown that dissociation of a
truncated f-HEL peptide from I-Ed is accelerated and bipha-
sic when the dynorphin A-(1-13) peptide is added (15). The
presence of two long-lived f-HEL/I-Ed complexes for which
peptide dissociation from one is promoted by dynorphin is
consistent with these results (15). We suggest that the peptide
in an intermediate may be susceptible to displacement by a
second peptide.

It is possible that k2 (Eq. 2), the bimolecular rate constant for
peptide-protein association, does not differ substantially
among peptides. Rather, it is the fate of the initially formed
adduct that discriminates between peptides. The f-Myo/I-Ed
intermediate rapidly loses peptide and only slowly converts to
product; thus, the transient concentration of empty MHC
protein is relatively high. Protein inactivation (Fig. 2) and a
high transient concentration of empty protein decreases the
available reservoir of protein and results in the weak loading
of f-Myo and the loss of the complex at low peptide concen-
trations (Fig. 1). Addition of another peptide that rapidly
converts empty protein to a long-lived complex produces the
strong competition seen between f-Myo and HEL. The Myo
peptide also forms a terminal complex with I-Ed that effec-
tively competes with the binding of HEL after long incuba-
tions. IfMyo did not form a terminal state or if the long-lived
f-Myo complex were unrelated to an I-Ed binding site, it would
not compete with f-HEL after long incubations (Fig. 5).

Structural transitions that might occur during the conver-
sion of a kinetic intermediate to the terminal state are
suggested by a recent structure ofa peptide bound to anMHC
II protein (1). The peptide is bound in an extended, twisted
conformation between two a-helices and a (3-sheet. A series
of intermolecular hydrogen bonds extend along the peptide
backbone. Perhaps the peptide initially engages some of the
hydrogen bonds and then adopts the final conformation. The
rate of this peptide conformational adjustment would be
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