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ABSTRACT: The mechanism of assembly/dissociation of a recombinant water-soluble class | major
histocompatibility complex (MHC) H-2Kmolecule was studied by a real-time fluorescence resonance
energy transfer method. Like the H-2ternary complex [Gakamsky et al. (199ipchemistry 3514841

14848], the interactions among the heavy chginmicroglobulin (3.m), and antigenic peptides were

found to be controlled by an allosteric mechanism. Association of the heavy chaifamitincreased

peptide binding rate constants by more than 2 orders of magnitude and enhanced affinity of the heavy-
chain molecule for peptides. Interaction of peptides with the heavy-chain binding site, in turn, increased
markedly the affinity of the heavy chain f@sm. Binding of peptide variants of the ovalbumin sequence
(257—-264) to the heavy chaififm heterodimer was found to be a biphasic reaction. The fast phase was

a second-order process with nearly the same rate constants as those of binding of peptides derived from
the influenza virus nucleoprotein 14155 to the H-2K heavy chaing.m heterodimer [(3.0t 1.0) x

106 M1 st at 37°C]. The slow phase was a result of both the ternary complex assembly from the
“free” heavy chain3.m, and peptide as well as an intramolecular conformational transition within the
heavy chaind.m heterodimer to a peptide binding conformation. Biexponential kinetics of peptide or
p2m dissociation from the ternary complex were observed. They suggest that it can exist in two
conformations. The rate constantsfefn dissociation from the H-2Kternary complex were, in the limits

of experimental accuracy, independent of the structure of the bound peptide, though their affinities differed
by an order of magnitude. Dissociation of peptides from thdé&avy chain was always faster than from

the ternary complexes, yet the heavy chain/peptide complexes were considerably more stable compared
with their K%nucleoprotein peptide counterparts.

Recognition by T-cell receptors (TCRf class | major the stability of the MHC-I ternary complexes, both on cell
histocompatibility complex (MHC-I) encoded molecules surfaces and of the isolated molecules investigated in vitro
carrying an antigenic peptide is the initial event in the cascade (15—17). Our earlier study of H-2Kk-peptide complexes
of the cytotoxic immune response. Cell response to the established a key role fgkm in modulating the heavy-chain
TCR-ligand interactions depends on the number and binding site affinity for peptidesl). Although “free” H-2K
structure of MHC/peptide complexes as well as their affinity heavy chain could bind peptides, such complexes dissociate
for the TCR. Although significant progress has been gained within seconds (unpublished results). Association of the
in elucidating the peptide binding motifs of MHC-I-encoded heavy chain with3,m significantly slowed peptide dissocia-
molecules 2, 3), the quantitative characterization the MHC-| tion. Dissociation time constants of the studied peptide series,
heavy chain-.m—peptide interactions is still limited4(- based on the sequence of influenza virus nucleoprotein-(147
9). Early studies indicated an important role f8sm in 155), were in the range of-240 min (37°C), depending on
cooperative peptide/MHC interactions and in determining the peptide structure. Heavy-chain association y#itn altered
conformation of the ternary complet@-14). More recent  the heavy-chain peptide binding conformation, yielding
studies have pursued the contribution of peptide /Zunal to peptide affinities in the nano- or subnanomolar range at 20
°C. Although the H-2K heavy chaind,m heterodimer is
' This study was supported by the European Community, Grant unstable and dissociates within several minutes at physi-

BIOTECH (B104-CT96-0135), Life Sciences and Technologies Bio- ; ;
technology Program (19941998), and by the John Hopkins University ological temperature, bound peptides, even of the lowest

Weizmann Institute cooperative research program. affinity, slowed ,m dissociation (unpublished results).
* Corresponding author: Phone 972-8-9342551; Fax 972-8-9344141; Peptide dissociation lowered the affinity of the heterodimer
E'Tf_‘:: 'ic\‘/ivmf"‘@Wis-‘“l’ei?t“?””-]f"g-”: and led tof.m dissociation. The heavy chain, in turn, lost
5 nglD.e'Zmann nstiiie of sceience. its high peptide binding affinity upof,m dissociation. These
"Harvard University. allosteric affinity modulations are most likely related to
! Abbreviations: TCR, T-cell receptor; MHC-I, class | major structural changes that occur in the heavy chain upon
histocompatibility complexhc, heavy chain; OVA, ovalbuminp, interaction with3,m and peptides. The appearance and decay

peptide;5.m, Bz-microglobulin; APC, antigen presenting cell; dansyl o ! .
aziridine, 5-(dimethylamino)naphthalene-1-sulfonyl aziridine; TR, Texas Of Specific epitopes on MHC-I molecules resulting from
red. peptide angs.m interactions {1, 19—21) are characteristics
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consistent with such an allosteric mechanism. These coop- Extinction coefficients of H-2K/3,m and$,m molecules
erative interactions among the H-2Kernary complex  were calculated as 9.2 10 M~tcmtand 2.1x 10* M ™!
components make its dissociation on the cell surface ir- cm™ at 280 nm, respectively, based on the extinction
reversible, thereby minimizing the reloading with exogenous coefficients of tryptophan and tyrosin24).

peptides {). These earlier observations raised the question  Throughout these studies, humg@m was employed

to what extent such allosteric interactions are general featuresnstead of its mouse counterpart because of the obtained
of different class | alleles. Here we present results of studies higher yields of H-2K/humang.m heterodimers compared

of the thermodynamics and kinetics of the interactions of to those with the mousg.m.

another mouse class | molecule, H2Kwith fm and Fluorescence Binding Assaysitrations and interaction
different peptides. The results provide independent supportyinetics measurements were carried out on a PTI spectro-
for the operation of allosteric interactions among components s, orometer with a single photon counting registration
of another MHC-1 molecule and thus support viewing this  gysiem. The sample holder’s temperature was controlled to

as a general mechanism of MHEpeptide interaction. £0.5°C. The experiments were carried out in a4 mm
magnetically stirred, quartz optical cuvette. An excitation
MATERIALS AND METHODS wavelength of 290 nm (slit width 4 nm) and an emission

wavelength of 530 nm (slit width 16 nm) were used. All
experiments were carried out in 20 mM Tris buffer, pH 7.5.
Peptide affinity and the kinetics of the ternary complex
formation and decay were investigated by monitoring of the
nonradiative energy transfer from intrinsic H-2l&yptophans

Peptides Unless otherwise stated, all chemicals were
purchased from Sigma and were of highest purity available.
Dansyl aziridine [5-(dimethylamino)naphthalene-1-sulfonyl
aziridine] and Texas Red,Mnaleimide (TR) were purchased
from Molecular Probes2R). The single-site mutation of the . .
human om with serine 88 replaced by cysteine and its to _the dansy_l_conjuga_tted o the t_)ound pe_ptu_jes at the
labeling with TR were performed as describ@®)( Oval- indicated positions. This provided direct monitoring of the

bumin peptide SIINFEKL (OVA, residues 25264) and a reaction time course. Different sites of dansyl chromophore
series of its cysteine-substituted variants, OVA3OX(S! conjugation to the peptide analogues yielded distinct degrees
FEKL), OVA4C (SIICFEKL), OVAGC (SIINFCKL), and of energy transfer. The best energy transfer efficiency was
OVA7C (SIINFECL), were S);nthesized by automated solig- ©Pserved when the chromophore was attached to the third
phase methodology on an Applied Biosystems Model 432A amino acid from the N-terminus. This. indicates that tryp-

synthesizer with the manufacturer's standard Fmoc protocol. toPhans 51, 60, and 67 of H-2kcontribute most of the

The substituted cysteines in the variant peptides were €N€r9y transfer to the dansyl. Therefore, accuracy of equi-

dansylated to yield the respective derivatives as follows: 0.3 liPrium titrations or kinetic curves was highest for the
mL (10-fold molar excess) of dansyl aziridine in dimethyl- OVA3C-DNS peptide. Peptide binding kinetics were studied

formamide was added to 1 mL of peptide solution (3 mg/ after dilution of a sma_ll aliquot (&_3 uL) of one solution
mL) in 0.1 M bicarbonate buffer, pi 8.2, and allowed to  (Usually 14uM heterodimer stock into 140L of the other
react fa 2 h atroom temperature in the dark. Labeled (usually peptide) by a micrometric pipet (Eppendorf). Peptide

peptides were purified by HPLC. Concentrations of non- €Xchange from the ternary complex was monitored by the

dansylated peptides and proteins were determined spectro2ddition of 40-50-fold excess unlabeled OVA peptide,

photometrically by using the extinction coefficients 5.60 which is assumed to block the rebinding of the dissociated

10° M~1 cm™® at 280 nm for tryptophan, 1.4 10® M~! Iabeleq pepFide.. ) o o

cmt at 274 nm for tyrosine, and 1.97 1* M~* cm* at Peptide binding/dissociation kinetic data were processed
257 nm for phenylalanine2@). Concentrations of dansylated by & program that provides a nonlinear fit to an arbitrary
peptides were determined by using the extinction coefficient model, which in our case was a sum of exponential
457 x 10° M~1 cm! at 335 nm of dansyl25). componentsi(= 1—4) with a backgroundy(t) = ao + Y o

The above variants of peptides comprising residues257 €XPU7).
264 of ovalbumin were synthesized with cysteine substitution
at positions that do not interfere with the peptide binding RESULTS
motif to H-2K" (26—28).

Preparation of' Empty H-2K° Molecules and Purification We have previously studied the interactions of peptides
of the HeterodimerThe soluble murine class | MHC H-2K  derived from the influenza virus nucleoprotein peptide with
molecule was produced in a transfected L cell line and the mouse MHC-I molecule H-ZKn its water-soluble form
purified by immune affinity chromatography as described and observed a marked cooperativity in the interactions
previously @9). Then, the complex was gel-filtered on a between the heavy chain, peptide, ghdh. To extend these
Superose 12 column equilibrated v& M urea, 20 mM Tris, findings and determine whether this cooperativity is a general
and 150 mM NacCl buffer, pH 7.5. This procedure released feature of all class | MHC molecules, we selected H.2&
any bound peptide that copurified with the H2KThe molecule for which a high-resolution three-dimensional
collected fractions of the heavy chain afdm were structure has been determined crystallographically in its
transferred to dialysis tubes Wit1 6 kDa cutoff and dialyzed = complexes with four different peptide81—34), including
overnight at 4°C, either separately or together against the the ovalbumin peptide 257264. Since we intended to
same buffer without urea. Samples of the heavy cfain/ monitor peptide interaction by fluorescence resonance energy
heterodimer were concentrated to M and stored at 4C. transfer, we employed several synthetic peptides that were
Samples of “free” heavy chains were concentrateds<fio covalently labeled by a dansyl at cysteine residues. As
uM and used immediately for the binding assays. expected from the 3D structure (pdb code 1VAC), such
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Ficure 1: Example of an equilibrium titration experiment. Six
aliquots of H-2K/8,m heterodimer stock solution were added to Ficure 2: Time courses of OVA7C-DNS binding to H-2Keavy

145 mL of OVA3C-DNS solution (0.12M) in 20 mM Tris NaCl chainfsm heterodimer. A small aliquot (@L) of a 17.5uM stock
buffer, pH= 7.5 at 25°C. Fluorescence of the dansyl group was heterodimer solution was added to peptide solution (1480.45
monitored at 530 nm via nonradiative energy transfer from intrinsic M) (curve 1). Time courses (curves-2) were recorded for the
tryptophans of the H-2Kheavy chain excited at 280 nm. The same concentrations but the heterodimer was first diluted 50-fold
fluorescence intensity values were corrected for the sample dilution. from stock solution, and peptide was added to the solution with
Scatchard analysis of the binding curve is shown in the inset. The time delays of 3, 10, and 25 min, respectively. The fluorescence
equilibrium dissociation constant of peptide OVA3C-DNS from the intensity changes were monitored at 530 nm upon 280 nm excitation

H-2KP/3,m heterodimer was calculated as 4:62.0 nM. at 20°C. Lines 5 and 6 show fluorescence signals from the solution
containing either peptide or heterodimer, respectively. Line 7 shows
modifications at thé\ + 4 andN + 7 positions of the 257 the fluorescence intensity level from which the signal has increased

: : due to the fluorescence energy transfer. The amplitudes of the fast
264 OVA sequence did not affect the peptiddHC exponential termg,;, were evaluated from a biexponential analysis

interactions, whereas at tie + 3 position it caused a  of the reaction curves by the formujét) = oo — o exp(—tizy) —
reduction in peptide affinity. o, exp(—t/tz) and are shown in inset.

Equilibrium Titrations Equilibrium titrations of the H-2Kl
f-m heterodimer were carried out with OVA3C-DNS and x 10
OVAT7C-DNS. A typical saturation binding curve calculated
from an equilibrium titration of OVA3C-DNS (0.12M) 25
with H-2KP/3,m heterodimer at 25C is shown in Figure 1.
The equilibrium dissociation constarKy, was calculated
from the Scatchard analysis (inset). The equilibrium dis-
sociation constants were 46 2.0 nM for OVA3C-DNS
and 0.5+ 0.2 nM for OVA7C-DNS.

Peptide Binding to the F2KYS3.m Heterodimer Is Bi-
phasic Typical curves of peptide binding time courses
recorded under pseudo-first-order conditions at°@0are
shown in Figure 2. The time course of the reaction was
always biphasic. The amplitudes of the fast phase were found
to depend on the employed experimental protocol. For 05 _
example, a maximum amplitude was observed when a small a 05 y
aliquot (3uL) of a 14 uM stock H-2K’/3,m heterodimer Pept. conc., uM
solution was added to the peptide solution (145 0.45 0 : . - . :
uM). However, when the same aliquot of the heterodimer 0 10 20 30 40 50 60
was first diluted, and the peptide was added with a time Time, min

i i :-FIGURE 3: Time courses of OVA6C-DNS binding to H-2iKkeavy
delay, the amplitude of the fast phase declined as afunctlonchamﬁ,2Irn heterodimer at 0°C: [heterodimerj—= 0.0 zM.

of that delay. Tht_a amplitL_ldel_ of the fast exponential term [OVABC-DNS] = 0.75 (1), 0.5 (2), 0.25 (3), and 0.128M (4).

of the peptide binding kinetics, evaluated from a biexpo- (inset) Concentration dependence of the rate constants of the fast

nential analysisy(t) = ap — o1 expt/ty)) — ap expt/ binding phase as a function of peptide concentration.

77)] are shown in the inset to Figure 2. The amplitude of the

fast binding phase decayed biexponentially with the fast concentrations as illustrated in Figure 3. Curves4l

decay time constant of # 2 min and the slow one longer correspond to peptide concentrations of 0.8, 0.5, 0.25, and

than 20 min. This biphasic dissociation of the heterodimer 0.125uM, respectively, and 0.06M heterodimer concentra-

suggests that it has two conformations. tion. Results of the biexponential analysis of the experimental
To further pursue the mechanism underlying the two time courses are listed in Table 1. The rate constant of the

phases observed in peptide binding, the time course wasfast binding phase was found to be a linear function of

recorded at 0°C and at different OVAG6C-DNS peptide peptide concentration (Figure 3, inset). The amplitude of this

1
o
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Table 1: Results of an Analysis of OVA6C-DNS Binding Kinetics to “Empty” H22K

[OVA6C-DNS] (uM) o 71 (s) ki (x10°M-1s77) 02 7o (x10%s) ke (x1074s71)
0.12 0.39+ 0.05 247+ 50 3.4+ 0.9 0.61+ 0.05 3.7£215 2.7+2.0
0.25 0.3& 0.05 135+ 25 3.0+ 0.4 0.63+ 0.05 44+ 15 4.4+ 2.0
0.37 0.3% 0.05 96+ 25 2.8+ 0.7 0.69+ 0.05 15+1.2 6.5+ 2.0
0.49 0.64: 0.05 57+ 12 3.6+ 1.0 0.36+ 0.05 34+ 15 3.0+ 2.0
0.80 0.64t 0.05 39+ 10 3.9+ 1.0 0.36+ 0.05 22+ 15 45+ 25
2 Biexponential model:y(t) = 1 — oy exp(—t/r1) — oz exp(—t/ry). t = 0 °C. [‘Empty” H-2K"] = 0.05uM.
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08, 5 10 T o = 20 FIGURbESZ Time courses of OVA7C-DNS (4M) binding to “free”
Time, min. H-2KP heavy chain (0.1 mM),t(= 3700+ 500 s) alone (curve 1)

Ficure 4: Temperature dependence of OVA6C-DNS (0.28)
binding time course to H-2Kheavy chain,m heterodimer (0.06
uM). t=15 (1), 10 (2), 5 (3), and 0C (4). (Inset) Arrhenius plots
of peptide binding rate constants of OVA6C-DNS (*), OVA3C-
DNS (@) and OVA7C-DNS ¢©) to H-2K° heavy chain,m and
dNP19 O) and dNP22) to H-2KY heavy chain,m heterodimers.
The peptide binding rate constant at 3¢ was calculated by
extrapolation to be (3.& 1.0) x 10° M1 s,

and in the presence gtm (0.25 mM) ¢, = 0.36,7; = 100+ 20
s; o = 0.64, andr, = 470+ 80 s (curve 2) at 10C.

trations of the heterodimer and peptide, the reaction rate
depended on the concentrations of both reagents.

We further studied this reaction by mixing “free” heavy
chain with peptide with or without addition @¢im. Interac-
tion of the “free” heavy chain with peptides is illustrated by
Figure 5, curve 1. The time course of OVA7C-DNSu(¥)

phase decayed in parallel to the slowing down of the reaction binding to the “free” heavy chain (04M) was found to be

rate, caused by lowering of the peptide concentration.
The fast phase of peptide binding reaction to the H/2K

nearly exponential (Figure 5, curve 1) and about 2000-fold
slower than that of its binding to the H-248,m heterodimer.

B-m heterodimer exhibited a linear temperature dependence,The reaction rate constants depended linearly on peptide

as shown in the Arrhenius plot over the-05 °C range

concentration (see Figure 6A and Table 2). Additiofsgh

(Figure 4, inset). The peptide binding kinetics at physiologi- (final concentration 0.2xM) to the above sample (Figure
cal temperature were too fast to be resolved by the 5, curve 1) significantly accelerated the reaction time course
experimental protocol employed and the rate constants were(Figure 5, curve 2). Peptide binding to the heavy chain was

calculated by extrapolatlon to 3T, yieldingkon =
1.0)x 1P Mtst,
Assembly of the Ternary Complex from kg&hain 5.m,

3.0+

an activation-dependent process as shown by its temperature
dependence in the Arrhenius coordinates plotted in Figure
6B. The activation energy of this process was found to be

and PeptideNo simple concentration dependence of the slow 5.5 & 2.0 kcal M2,

peptide binding phase was revealed in experiments such as The ternary complex assembly from “free” heavy chains
that illustrated by Figure 2. To assign this slow phase to a (0.1 uM), f.m (0.42uM), and OVA7C-DNS (0.8&:M) at
specific step of the reaction, interactions between the “free” 10 °C is shown in Figure 7 curve 1. The time courses of the
heavy chainf.m, and peptides were studied under different ternary complex assembly from three subunits was studied

experimental conditions at 20C. When the reaction was
initiated by dilution of a small aliquot of the heavy chain/
B2m heterodimer stock solution (final concentration ON\2)
into a solution of OVA3C-DNS (2«M) without or with
humang.m (9.4uM), the reaction time courses were nearly
identical o, = 0.4,7; = 9 s,0, = 0.6, andr, = 79 s without
humang.m vsoy = 0.5,71 = 6 s,0, = 0.5, andr, = 70 s

with different8m concentrations and experimental protocols
and was found to be a multiexponential one. Therefore two-
or three-exponential fits were attempted in the analysis of
the experimental results. When heavy chgim, and peptide
were mixed at the same time (curve 1), the time course of
ternary complex formation fit well to a biexponential
function. The fast phase was concentration-dependent while

with humang,m), indicating that under these experimental the slow one was not. Results of the double-exponential
conditions the slow phase was due to a monomolecularanalysis of the assembly process are listed in Table 3.
process within the heterodimer. However, at lower concen- Preincubation of the heavy chain afigm stock solutions



Allosteric Control of H-2K Assembly/Dissociation

0 0.5 1

15
[OVATC-DNS], M  10°
B
10°
‘T‘n-
=
=
5
10° , .
3.2 3.3 34 35
1UT. K < 10°

FiGure 6: (A) Reaction rate constants of OVA7C-DNS binding
to H-2KP heavy chain at 25C plotted as a function of peptide
concentration. (B). Arrhenius plot of peptide binding rate constants
to H-2KP heavy chain. Activation energy is about 5£51.0 kcal
ML

Table 2: Results of an Analysis of OVA7C-DNS Binding Kinetics
to H-2KP Heavy Chaia

[OVA7C-DNS] (mM) 71 (S) k(M-1s7)
0.5 4800+ 600 415+ 60

3.7 420+ 40 640+ 70

7.4 274+ 30 490+ 50

14.8 133+ 15 508+ 50

a Exponential modelt = 0 °C, [‘empty” H-2K?] = 0.05uM.

for 1 h at 4°C prior to dilution into the peptide solution (to
a final concentration identical to that of the above experi-
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Intensity, a.u.

10 15 20

Time, min.
FiGUrRe 7: Assembly of the H-2Kternary complex from separated
heavy chain (0.uM), gom (0.42uM), and OVA7C-DNS (0.88
uM) at 25 °C. Reaction was initiated by simultaneous mixing of
the heavy chaing,m, and peptide (1) or by dilution of solutions
preincubated at 4C of heavy chain an@,m for 2 h followed by
dilution of the sample into 0.42 mM peptide solution, yielding the

same final concentrations as above (2).

0 5

SB2m dissociation from the heterodimer as illustrated in Figure
8. At the first stage of the experiment)( 20 uL of the
heavy-chain stock solution (1:8M) was added to 14aM
of 0.1 uM fB.m—TR at 20°C. The increase in emission
intensity was due to the formation of the heavy chaim—
TR heterodimer. Addition of excegm att, induced the
exchange of the TR-labelggim from the heterodimer. The
dissociategg;m—TR molecules oligomerized, which caused
guenching of TR fluorescence as shown in the second part
of the kinetic trace. Since oligomerization gm—TR
occurred faster than its dissociation from the heterodimer,
the observed kinetics are mainly controlled Bym—TR
dissociation from the heavy chain. The dissociation time
course was biexponential with rate constants of (.0.2)
x 102 st and (9.84 0.7) x 10* st at 20°C. It is
noteworthy that the rate constants derived from the biexpo-
nential heterodimer dissociation quantitatively correlate with
those calculated from the decay of the amplitadas shown
in the inset to Figure 2. This correlation proves that the
decline of the amplituden; caused by the heterodimer
dilution is indeed due to its dissociation.

Nonradiative energy transfer from the heavy-chain tryp-
tophans to the dansyl chromophore (% DNS) and a
cascade of further transfer to TR attached togha (W =

ment) (curve 1, Figure 7) increased the amplitude of the fast DNS = TR) was found to take place in the doubly labeled
phase due to the appearance of an additional component witlternary complexes. The complex was produced by first
the highest rate constant. The new phase was due to peptidenixing H-2K? heavy chain with3,m—TR (final concentra-

binding to the newly formed heavy chabam heterodimers
(curve 2, Figure 7).

Dissociation off,m and Peptides from the Heya Chain
or Ternary ComplexThe interaction of theg,m and the
mouse H-2R heavy chain was also studied by using a TR-
labeled C88S mutant of humaiym. It was found earlier
(35 that such a labeling of th@,m mutant causes its
oligomerization, which significantly quenches the TR fluo-

tions were as in the previously described experiment),
followed by addition of OVA7C-DNS peptide (0,8 final
concentration). Peptide addition to the heavy chain prein-
cubated with3,m—TR further enhanced the intensity of the
TR fluorescence, most probably due to the increase in affinity
of f-m and heavy chain, thereby increasing the number of
the peptide complexes produced. The fluorescence signals
D—F monitored at 530 nm (dansyl) upon excitation of

rescence. The oligomers dissociate upon interaction with tryptophans at 280 nm are proportional to the concentration
heavy chains, causing TR fluorescence intensity to increase.of ternary complexes (Figure 9). Signals-& monitored at
These fluorescence changes were used to directly measuré15 nm, where TR emits upon excitation at 280 nm, are
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Table 3: Analysis of the Assembly Kinetics of H-2iComplex from Heavy Chain.m, and OVA7C-DNS

[B2m] (uM) o 71 (S) ki (x 10'M1 Sfl) o2 72 (S) ko (x 10°3 Sfl)
0.28 0.404+0.05 44+ 5 8.1+1.0 0.6Q: 0.05 252+ 50 4.0+ 0.6
0.41 0.3% 0.05 29+ 5 8.4+£1.0 0.63: 0.05 251+ 50 4.0+ 0.6
0.78 0.42: 0.05 18+ 5 7.0£1.0 0.58: 0.05 296+ 50 3.4+ 0.6

2 Biexponential model:y(t) = 1 — oy exp(—t/t;)) — a, exp(-t/ty). t = 10 °C, [H-2K" heavy chain}= 0.1 uM, [OVA7C-DNS] = 0.5 uM.

><1D‘1

12+ I

I

Intensity, a.u.

This enabled monitoring of OVA7C-DNS dissociation from
the ternary complex via the dansyl group emission. The
above experimental protocol allowed the independent com-
parison of both3,m and peptide dissociation rates from the
ternary complex under identical conditions. Parameters of a
biexponential fit of the experimental decay curves B and F
are summarized in Table A:m was found to dissociate from
the ternary complex faster than OVA7C-DNS but slower than
OVA3C-DNS.

Dissociation kinetics of OVA3C-DNS and OVA7C-DNS
from the ternary K complex were found to be biexponential.

4 A family of traces presenting the dissociation time course

ol of OVA3C-DNS, the lowest affinity peptide of the studied
series, from the ternary complex were recorded at 37 (1),
30 (2), 20 (3), 14 (4), and 1€C (5) and are shown in the

% 05 1 15 inset to Figure 10. Results of their biexponential analysis

Time, hours

FiIGURE 8: Assembly and dissociation time courses of H2K
heterodimer at 20C. The reaction was initiated by addition of 20
mL of H-2KP heavy chain (1.&M) to 140uL of TR-labeled C88S
mutantfS,m solution (0.1uM) at t;; 20 uL of WT S.m (6.3 uM)
was added to the sample tat
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are summarized in Table 5. The peptide dissociation rate
constants calculated from the time constants of the most
stable fractions are plotted in the Arrhenius coordinates
(Figure 10). For comparison, similar Arrhenius plots of
peptide dissociation rate constants of the highest and lowest
affinity peptides (dNP21 and dNP20) for H-ZK,m het-
erodimer are also plotted in this figure. Clearly, the dis-
sociation rate constants of the highest affinity peptide
(dNP20) from the K ternary complex are similar to those
of the dissociation of the lowest affinity peptide OVA3C-
DNS from the K ternary complex. As expected, peptide
dissociation rate constants from the H?2Kee” heavy chain

(v) are faster than from the ternary complex)((as

D
05 rf-”——*-‘bf_.ﬁ_ illustrated for OVA7C-DNS).
% 50 00 o 50 100 DISCUSSION
Time, hours Time, hours

Ficure 9: Time courses of peptide afgm dissociation from the
H-2KP/8,m-TR/OVA7C-DNS (A) and H-2K/8.m-TR/OVA3C-
DNS doubly labeled ternary complex (2G). The ternary complex
was produced by mixing of heavy chajfym—TR, and OVA7C-
DNS to final concentrations of 0.1, 0.08, and @4 respectively

(0 — t; time domain). Exchange of the labeled for unlabefech
was initiated by addition of unlabeled WgB,m (2 uM final
concentration) att;. OVA7C-DNS exchange was initiated by
addition of OVA peptide (4Q:M final concentration) at,. The
280/530 nm signals (BF) represent concentration of the ternary

complexes loaded with the dansylated peptide. The 280/615 nm
signals (A-C) represent concentration of the doubly labeled

complexes.

proportional to the concentration of the doubly labeled

ternary complexes. Addition of a high concentration/2)
of unlabeleds.m att; started the exchange of labeled for

unlabeled3,m molecules, at a rate that was determined by
Bm—TR dissociation from the ternary complex. At the same

time, addition of excess unlabelfgm also led to an increase

Scheme 1 describes the two distinct pathways through
which thein vitro assembly of the ternary complex may
proceed. This scheme is similar but differs in several crucial
elements from that published earlier by Otten et 86)(
One pathway starts by association of the “free” heavy chain
with 5.m (steps B and C) while the other begins with peptide
binding to the heavy chain (step G). The rate constant of
heavy-chain association wiffym has now been determined
to be much faster than that with peptides. The former is a
composite process involving an intermediate step where the
heavy chain conformer hc* is formed and bindgtm with
a rate constant of about (8891.0) x 10* M~1s71(10°C),

i.e., more than 2 orders of magnitude faster than that of
peptide binding to the heavy chain (14030 M1 s™%). This
suggests that hc* binding t68,m does not involve further
significant conformational changes. In contrast, the confor-
mational transition he= hc* (step B) is a relatively slow
process, therefore becoming a rate-limiting step in the ternary

in the total concentration of the ternary complexes since the complex assembly. One of the heterodimer conformers,

concentration of the labelggm—TR was chosen to be lower

(hc*+Bam)ae, binds peptides (step E) at (14 0.4) x 1C°

than that of heavy chains. Unlabeled OVA peptide (final M~* s71 (10 °C), i.e., about 2-fold faster than hc* binds

concentration 4Q«M) was then added to the sampletat

to Bom. Thus, the assembly rate of the HZrnary complex
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Table 4: Analysis of the Dissociation Kinetic Curves of Doubly Labeled H/2n—TR Complex Loaded with OVA3C-DNS or

OVA7C-DNS
o ki (s)) o2 k2 (s7h)
H-2K%pB,m—TR/OVA3C-DNS
peptide dissociation 0.85+ 0.10 (2.5+1.0)x 105 0.15+ 0.10 (2.14 0.6) x 10
B:m—TR dissociatioh 0.74+ 0.10 (8.1 4.0) x 106 0.26+ 0.10 (7.9+ 4.0) x 10°5

H-2K/3,m-TR/OVA7C-DNS

peptide dissociatich
B-m—TR dissociatioh

0.97+ 0%
0.804 0.10

(3.14 1.0)x 10°
(7.54 2.0) x 10°°

(5.1+4.0)x 10°*

0.03+ 23
(7.6+2.0)x 10°5

0.20+0.10

2t = 19 °C, [H-2K" heavy chain}= 0.1 uM, [f-m—TR] = 0.08 uM, [peptide] = 0.5uM. ® Curve F in Figure 9¢ Curve B in Figure 9.

Table 5: Analysis of OVA3C-DNS Dissociation Kinetics from the H®2Rernary Complex by Biexponential Model

t(°C) o ki (s™) o ko (s7Y)
10 1.00 (1.7 0.4)x 10°5 - -
14 0.94+ ggg (25+0.4)x 105 0.064+ g(l)g (44+1.0)x 10
20 0.83+0.10 (3.3£0.5)x 10°5 0.174+0.10 (3.0+£1.0)x 10*
30 0.87+0.10 (2.5+0.4)x 104 0.134+0.10 (2.1£0.8) x 1073
37 0.194+0.10 (1.0£0.2) x 10°3 0.814+0.10 (6.9 1.0)x 1073
1 o~ Scheme 1
route 1
5 [CF—
10} ® AN B ¢ D E
% 9 he 2 he + Bm = (he*Bm),, < (hc*Bm), + p < he-Bmp
107} é y k : N N F
=0ty 3 p == hep + Bm P — he™ Bmp
' 0 10 20 —
}10'3 I Time, haurs N route2 "
addition of 3om at sufficiently high concentration. Namely,
4 since hc* binding tg3.m will be faster than the heterodimer
1o dissociation, hc oligomerization will be blocked. Oligomer-
A ization of newly synthesized heavy chains in the endoplasmic
1%t + reticulum would obviously impede the ternary complex
v expression on the cells and therefore chaperones (e.g.,
10‘; > 33 ” v v == palnexin) most Iikgly assist thg heavy chain'§ transformation
’ ’ ’ ) pe ’ '“UJ into a conformation appropriate for association wim

Ficure 10: Arrhenius plots of peptide dissociation rate constants.
Dissociation of (1) OVA3C-DNS from H-2Kternary complex);

(2) OVA7C-DNS from H-2K heavy chain 4); (3) OVA7C-DNS
from H-2KP ternary complexy); (4) f2m—TR from H-2KP ternary
complex loaded with OVA3C-DNS or OVA7C-DNSH); and (5)
dNP20 () and dNP21 (*) from H-2K ternary complex for
comparison. (Inset) Time courses of OVA7C-DNS dissociation
from H-2KP ternary complex recorded at 37 (1), 30 (2), 20 (3), 14
(4), and 1C°C (5). The reactions were initiated by addition of excess
(20 mM) unlabeled OVA peptide to 0.1 mM solution of H-ZK
B-m/OVA3C-DNS ternary complex.

(37).

The biphasic time course of peptide binding to the
heterodimer and its independence on the addition of excess
pm clearly suggest that the heterodimers exist in two
conformations, one of which does not bind peptides. The
conversion of the inactive to the active conformation
constitutes the rate-limiting step in the peptide binding to
the heterodimer. The biexponential dissociation of the heavy
chainfi;m heterodimer is also consistent with the existence
of these two conformations. The observation of nearly equal
concentrations of the active and inactive heterodimers

strongly depends on the type of species present at the processuggests that the rates of the forward and backward reactions

initiation. For example, starting with separated components,

the hc* will react with,m (step C) followed by peptide
binding (steps D and E), where ke hc* (step B) will be
the rate-limiting step. In contrast, the assembly rate will be
much faster if the heavy chain afielm have associated prior
to peptide addition.

The amplitudes of the biexponential time course of
complex assembly from heavy chapym, and peptided;
~ 0.4 anda, ~ 0.6; Table 3) suggest that the rate constant
of the backward reaction (he= hc*) is higher than that of

(step D) are about equal. At 3T the first conformer binds
peptides with a rate constant 8.0 x 10° M~ s, which

is very similar to rate constants of oligopeptide or oligo-
sacharide binding to specific sites of antibodies or receptors
(38). These are still about 2 orders of magnitude lower than
those observed for smaller, rigid ligands (e.g., nitroaromatic
haptens), which bind with rate constants in the range &f 10
M~ s71 (38). This difference probably reflects the limits
set on the final binding step of a floppy peptide where
adjustments of both its own conformation as well as the

the forward one. Thus, about 40% of the heavy chains existedMHC groove are required. Peptide binding to the heterodimer

in the hc* conformation at the start of the experiment. As

changes the conformation of the heavy chain hc* to hc** so

the separated heavy chains tend to oligomerize in the absencéhatf,m dissociation from hc** becomes much slower than

of gom, the steady-state e hc* constantly shifts to the
left, producing oligomers. This situation is reversed upon

from hc*. These results suggest that stability of the heavy
chainf;m heterodimer significantly increases upon peptide
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binding, apparently as result of the he* hc** conforma- sociation with the class | heterodimers and are indeed similar
tional transition in the heavy chain. Therefore, it is possible to the binding rate constants of floppy haptens to sites of
that the peptide-induced heavy chain conformational transi- specific monoclonal antibodies3). Since all examined
tion not only stabilizes the heterodimer but also causes its peptides bind the heterodimer with very similar rate con-
dissociation from one of the peptide transporting proteins stants, their affinities are determined by other steps in their
(TAP1), with which it associates in the “empty” staf¥). complex assembly equilibrium (Scheme 1): Their dissocia-
Upon its release from TAP1, the ternary complex is in its tion rate constants are in the range fronx21076 to 5 x
most stable conformation, ready to be transported to the cell10-4 s~ (20 °C) for the highest and lowest affinity peptides,
surface. respectively. This implies that the affinities of the peptide
The alternative assembly route operating in vitro starts by heavy chainf,m heterodimer interaction may be in the
peptide binding to “free” heavy chain (step G) and is 10"—10"° M range, i.e., similar to those of antigens with
followed by association witl.m (step H). However, this  high-affinity antibodies. However, as expected for the
pathway plays a minor role since the rate constant of peptidecomplex equilibrium, considerable deviations are observed
binding to the heavy chain is more than 100-fold slower than between binding constants determined by peptide equilibrium
that of 8om binding. titrations and thé/kon ratios calculated with the assumption
Stability of the H-2K ternary complex with the OVA  that a single step describes the interaction equilibrium. Due
peptide series is much greater than that of its H-2K to the lability of the heterodimer, the ternary complex
counterpart with peptides of the NP serie. (This is  assembly proceeds either via direct peptide binding to the
apparently due to the fact that the employetbiading motif ~ heterodimer or via peptide binding to the hc** followed by
XY XXXXXX1(V,T,N,L) has one anchor-side chain less than g,m binding. As shown here, these two processes have very
the K> motif XI(G,P)IXF(Y)XXL (2). The additional anchor-  different reaction rates. Although the heterodimer binds
side chain interaction is apparently causing the formation of peptides with relatively fast rate constants, the assembly
arelatively more stable complex between the “fre€hiéavy  reaction may be significantly slower depending on actual

chain and OVA3C-DNS or OVA7C-DNS. Still, the signifi-  concentrations of the reagents at the moment of the reaction
cant affinity reduction for OVA3C-DNS compared with jnitiation.

OVA7C-DNS indicates an important contribution of the

+ 3 side chain to the peptide binding ener@@)( A similar
effect of theN + 4 side chain was also observed for peptide
binding to the H-2K heterodimer; affinity of the NP peptide
TYQRTRALYV was reduced by about 2 orders of magnitude
when the fourth amino acid (arginine) was changed to
cysteine {).

Dissociation of 3,m from K¢ ternary complexes was
always slower than that of any peptides of the NP series. In
contrast3,m was found to dissociate faster fron t€rnary
complexes than certain peptides. As shown for théeknary
complexes, peptide dissociation reduces the heavy chai
affinity for fom and leads to heterodimer dissociation, which
in turn brings about the decay of the peptide binding
conformation of the heavy chain. Since physiological fluids’
B2m concentrations are rather low, the reassembly of these
ternary complexes on the cell surface from the “free” heavy
chain, externallm, and exogenous peptide becomes inef-
ficient. In addition to the above decay route, dissociation of
KP ternary complexes can also start frglim dissociation.
When this takes place at the cell surface, the heavy chain/
peptide complex may apparently persist for some time. This
raises the interesting question to what extent thepeptide 1" 900d agreement.
recognition by TCR may still take place. Despite the In summary, we conclude that H-2Kkand H-2K' share
differences compared with%the K° heavy chains may also  common features in their ternary complex assembly proc-
avoid binding of the exogenous peptides at the cell surfaceesses, though some quantitative differences exist between
if upon dissociation of an endogenous peptide the conforma-their dissociation mechanisms: (1) heavy chaim' het-
tion of the peptide binding groove quickly decays. erodimers of both alleles bind peptides with very similar rate

It is noteworthy that the binding rate constants of OVA3C- constants; (2) the “free” heavy chains either do not bind or
DNS and OVA7C-DNS to the Kheterodimer have, within  bind peptides about 3 orders of magnitude more slowly than
the limits of experimental accuracy, the same values. their heterodimers; (3) the rate-limiting step in the ternary
Moreover, these constants are essentially the same as thoseomplex assembly of both alleles is determined by the hc
observed for peptides of the influenza virus nucleoprotein = hc* transition; and (4) the heterodimers are relatively
series binding to H-2Kheterodimer. Thus, very similar rate  short-lived with half-lives of minutes at physiological tem-
constants were observed for binding of seven different nona-perature yet achieve significant stabilization upon peptide
or octapeptides to two different MHC alleles. These findings binding. All of these features are the result of the allosteric
apparently reflect universal characteristics of peptide as- interactions among the heavy chaéam, and peptides, which

Results of the experiments presented here are consistent
with those where kinetics of MHC-I molecules binding to
synthetic peptides were done by surface plasmon resonance
(27, 28, 39, 40). The advantage of the currently employed
experimental approach lies in the unambiguous assignment
of the molecular steps. i.e., monitoring directly the specific
peptide orf.m binding steps. This is due to the resonance
fluorescence energy transfer process, which takes place from
groove-proximal tryptophan residues to the DNS conjugated
to the bound peptide and further to the TR conjugated to
rﬁzm, or due to fluorescence intensity changes of the TR-
derivatized 5om, processes which are highly sensitive to
proximity between the two reaction partners. In contrast,
plasmon resonance measures changes in the refractive index
near the substrate-immobilized peptides upon the heterodimer
binding. These interactions take place at the gel/solution
interface, which makes them susceptible to a variety of
complications related to accessibility and diffusion. Never-
theless, it is gratifying that the appardff values obtained
for the interaction between various derivatized analogues of
the OVA peptide 257264 and H-2K by both methods are
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may turn out to take place for all alleles of class | MHC
molecules.
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