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Fast Association Rates Suggest a Conformational Change in the MHC Class |
Molecule H-21¥ upon Peptide Binding
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ABSTRACT. Major histocompatibility complex (MHC) class | molecules bind peptides in the endoplasmic
reticulum (ER). For this binding reaction, when performed in vitro, widely differing association rates
have been reported. We have expressed empty soluble’ldi@gs | molecules in Chinese hamster ovary
(CHO) cells and generated complete sets of association, dissociation, and equilibrium constants of
unmodified peptides using tritium-labeled peptides and stopped-flow fluorescence spectroscopy. We find
that (i) the transition midpoint of temperature denaturatidr) (of the protein is shifted from 30.5 to

56 °C upon the binding of a high-affinity peptide. (ii) With the peptide SV-324-332 (sequence
FAPGNYPAL) at 4°C, the dissociation rate constant of 1.8210°5 s~ and an equilibrium constant of

8.5 x 10 M~ predict an association rate constant of 870& for a simple one-step model of binding.

(iii) In contrast, binding of this peptide proceeds much faster, with-1 4% M—1 s71, These “mismatch
kinetics” suggest that peptide binding occurs in several steps, most likely via a conformational rearrangement
of the peptide binding groove. The structure of the peptitlass | complex at the time-point of peptide
recognition may therefore be different from the equilibrium crystal structures. (iv) Association of modified
peptides, in the presence of detergent, or aboveTthef the empty molecule is considerably slower.

This might explain why fast on-rates have not been observed in previous studies.

Surveillance of the intracellular protein composition is the occur through these binding motifs, providing the specificity
basis of the antiviral immune response in mammalian cells. of the binding reactions).
Degradation products of cytosolic proteins, viral or cellular,  All natural epitope peptides tested have been found to form
are transported to the lumen of the endoplasmic reticulum stable complexes with the respective class | HC allele and
(1) and bind there, as peptides of-81 amino acids, to  3,m in vitro (6), and no additional factors are necessary for
MHC! class | molecules for subsequent transport to the cell this assembly reaction7). As peptide andB.m bind
surface and presentation to cytotoxic T lymphocy®s ( cooperatively to the heavy chai)(and, therefore, peptide

The crucial requirement for the surface presentation and binding to HCS>m complexes occurs at far lower peptide
in vivo immunogenicity of a peptide is its ability to assemble concentrations than peptide binding to free HXJ {t is now
into a trimeric complex with an MHC class | heavy chain generally assumed that in the ER, at low peptide concentra-
(HC) and 3, microglobulin 8,m) and to remain in this tion, the complex of3;m and HC forms first, and peptide
complex sufficiently long to reach the cell surfa@.(The  then binds to this HGizm heterodimer. In vivo, assembly
pool of peptides bound to a class | allele displays allele- of HC into complexes with peptide ar#im occurs within
specific motifs with respect to sequence and lengihgnd 520 min of synthesis1(0), followed by the egress of the
crystal structure analyses of class | molecules with bound formed complexes to the cell surface via the secretory
peptide have shown that defined claspéptide interactions ~ Pathway.

To study the binding of peptides to various class | alleles,

Towh p tould be add 4 Clo Schek several in vitro systems have been develofd(11-14).
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globulin; (n)IEF, (native) isoelectric focusing; MHC, major histocom- ot ;
patibility complex; Ni=NTA, nickel nitrilotriacetic acid; R.U., relative Measurement of association rate constants requires that

units; TAP, transporters in antigen presentatifyp;transition midpoint the Cl_ass |_m9|eCU|eS be free of endOQGnOUS peptide so that
of heat denaturation (melting point). the dissociation of prebound peptides does not become the

S0006-2960(97)01744-3 CCC: $15.00 © 1998 American Chemical Society
Published on Web 02/07/1998




3002 Biochemistry, Vol. 37, No. 9, 1998 Springer et al.

limiting factor. In studies where this was not achieved, the imidazole. The buffer for all subsequent manipulations was
on-rates measured were very lo®s( 16 and independent  phosphate-buffered saline (PBS), pH 7.5. The eluate from
of the concentration of added peptider). In other studies,  the Ni—=NTA agarose column was concentrated in Centriprep
the peptide was modified by either N-termin&BJ or side- tubes (Amicon) and applied to a gel filtration column
chain (4) dansylation, by radio-iodination7( 19, or by (Sephacryl S-200 HR, & 100 cm, Pharmacia). Two peaks
immobilization onto a sensor surfac20( 27). Covalent were observed in the elution, the early peak consisting of
modification of peptides can significantly alter their kinetic aggregates of &) h3,m, and contaminating proteins, the late
and equilibrium binding propertiesl8, 22, even if the peak containing mainly Bhs,m heterodimer as assessed by
modified residue is not an anchor (see below). Finally, for native gel electrophoresis (data not shown). Fractions
some of the in vitro assays, class | molecules were isolatedcorresponding to the late peak were pooled and applied again
from cells via detergent lysis and immunoprecipitation. to a small Ni-NTA agarose column (k 10 cm) that was
However, the presence of detergent has been shown tceluted with a gradient of-6200 mM imidazole in PBS. The
influence the binding behavior of class23, 29 and the purest D-containing fractions were dialyzed against 10 mM
closely related MHC class Il moleculeg5). Also, the Tris-Cl pH 7.5, treated with neuraminidase (Sigma; 1 unit
binary complexes of class | heavy chains afign are per 10 mg protein, 1 h, 37C), and applied to a preparative

unstable overnight in the presence of deterg&thich native isoelectric focusing cell (Rotofor, Bio-Rad) in a pH
makes peptide binding and denaturation competing reactionsgradient of 6.4-7.0. The D/h8.m heterodimer focused in
in these experiments. two peaks at the acidic end (peptide-occupied or denatured

We have Sought to eliminate these sources of error by mOleculeS) and in the middle of the gradient, the latter
establishing a system in which the binding of unmodified consisting mainly of empty molecules as demonstrated by
peptide to a stable, pure, binary complex of hurfan and ~ @nalytical native isoelectric focusing.
the murine class | heavy chain H-2[DP) is measured. In Measurement of Temperature Denaturatiorhe indicated
the present study, we have used this system to generate fulbmount of /h3,m heterodimer was heated from 20 to 80
sets of kinetic and equilibrium binding constants. We find °C in a stirred 1 cm fluorescence cuvette at a rate of 3 min
that association rates are much faster than previously reporteger K. Tryptophan fluorescence (excitation, 295 nm; emis-
and similar to the rates generally found for the binding of sion, 345 nm) was recorded on a Perkin-Elmer LS-50B
ligands to receptors and antibodies. We therefore find a fluorimeter. Temperature readings were taken from the
mismatch between the ratio of kinetic association and cuvette holder sensor standardized against an in-cuvette
dissociation rates and the equilibrium binding constant. This thermocouple. The curves were smoothed using the UNIX
suggests that binding of peptides to class | molecules occursgprogram xmgr. To obtain the derivative of the temperature
in more than one kinetic step, possibly involving a confor- curve, differences between consecutive points were calcu-
mational transition of the class | molecule in the process. lated.

Peptides. All peptides were synthesized by Neosystems
EXPERIMENTAL PROCEDURES (Strasbourg, France). For all radioligand- and fluorescence-
binding assays, only peptide material was used that exhibited
a single peak on HPLC. Peptides were dissolved in PBS at
1 mg/mL. Stock solutions were stored in small aliquots at
—70 °C or used directly in the case of iodinated peptides.

Expression of Recombinant Solublé &nd h3,m. The
cDNA encoding B, amplified by the polymerase chain
reaction to introduce a hexahistidine tail after amino acid
284 to replace the transmembrane and cytosolic domains,Pe tide concentrations were determined by t . b
and the cDNA encoding humghm were cloned into pEE14 . P y tyrosine absorp-
(26), each under the control of a separate copy of the humant'on measurements. ) ]
cytomegalovirus promoterenhancer. The resulting plasmid ~ The SV-324-332 peptide was synthesized by Neosystems
was introduced into CHO K1 cells as describ26)( Several and was tritiated by iodination and subsequent reductive
rounds of selection in increasing concentrations Lef tritiation by NEN Du Pont (Boston, MA).
methionine sulfoximine were performed. Supernatants were The addition of peptide stock solution to the PBS solution
tested by an enzyme-linked immunosorbent assay using thecontaining the Bh3,m heterodimer caused no significant

28.14.8S anti-heavy-chain antibody7j. shift in pH (data not shown).

Purification of Recombinant Soluble’b3,m Complexes. Radioligand Binding AssaysA given amount (for equi-
Protein production was in batch cultures, essentially as librium measurements ca. & = 100 pmol, for association
described by Bjorkman and collaboratog8), with minor measurements less as indicated) &#hB.m heterodimer was

modifications. Briefly, transformed CHO cells were grown incubated with 1Q:L of packed Ni-NTA agarose beads in

in GMEM-S medium (First Link, Dudley, U.K.) supplied 500 uL of PBS for 15 min at the indicated temperature.
with 10% dialyzed fetal calf serum (molecular weight cutoff Tritiated peptide was then added and the mixture rotated or
1000 Da; First Link) and 100 units of penicillin and 106 stirred. Bound ligand was separated from free by vacuum
of streptomycin per milliliter (Gibco BRL, Paisley, U.K.), filtration of the mixture over Wizard minicolumns (Promega)
but without addition of glutamineL-Methionine sulfoximine followed by rapid washing with ice-cold PBS containing
(Sigma) was added to 160M to select for the integrated 0.5% Triton X-100. The detergent wash was necessary to
plasmid. The recombinant heterodimer was isolated from prevent the binding of radiolabeled peptide to the columns;
the cell culture supernatant by adsorption to nickel nitrile it had no effect on the number of counts bound (data not
triacetic acid (Ni-NTA) agarose beads (Qiagen, Crawley, shown). The B molecules on the NiNTA agarose beads
U.K.) in the presence of 10 mM imidazole, either in batch were eluted with 25 mM EDTA, and radioactivity was
or over a 5x 20 cm column. Elution was with 100 mM  determined by scintillation counting. For equilibrium affinity
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measurements, the mixture including peptide was allowed =
to reach equilibrium overnight. (Attainment of equilibrium '
was confirmed by incubating control samples for longer A TLE
periods.) Evaluation was by Scatchard analysis or by direct ’
nonlinear least-squares fitting of a binding isotherm to the
data (as in Figure 6), taking ligand depletion into account
(29). For dissociation rate measurements, the mixture was
allowed to reach equilibrium overnight and then centrifuged, 218
and the beads were washed four times with PBS. Unlabeled

peptide (20uM) was then addedt (= O for dissociation) T4 4
and the total volume again brought to 5@0. Time-points —
were taken over a range of 48 h; rates were determined by N

direct nonlinear Ieast-squa_res fitting to a monoexponen.tlal Ficure 1: Purification of the recombinant soluble H-2B3,m
decay curve. For association rate measurements (see Figurgomplex. SDS polyacrylamide gel showing the supernatant from
9), filtration was performed at different times shortly after CHO cells (lane a), the eluate from the initial N\TA agarose
the addition of peptide; rates were determined as for stopped-column (lane b), the eluate from the Sephacryl S-200 column (lane

flow experiments below. Radioligand binding assays from ©). the eluate pool from the secondMNTA agarose column (lane
T2D" cell lysates were performed as in 1@f d), the same material after neuraminidase treatment (lane e), and

the pool of fractions after nlEF separation (lane f). The positions
Fluorescence SpectroscopySteady-state fluorescence of molecular weight markers are indicated in the left margin.
measurements were done using a Perkin-Elmer LS-50B

31

spectrofluorimeter with a thermostated cuvette holder. Ex- 43

citation was at 295 nm, emission was monitored at 345 nm. .'
Stopped-flow kinetic measurements were performed on an 16

Applied Photophysics BioSequential DX-17MV apparatus. - -
Relative volumes (10:1) of BhB,m heterodimer (final ag

protein cocentration between 20 and 50 nM) and peptide
solutions were mixed, and tryptophan fluorescence (excita-
tion at 300 nm) was observed for-100 s. Data from 5 to

40 experiments at identical conditions were averaged and
fitted to the exponential curvg(t) = a; + at + az(1 —
exp(—kqpd)) using the system’s data analysis software. (The ——
linear termayt was introduced to compensate for the baseline - C—
drift in the spectrophotometric data.) The association . b

constant was derived from a straight-line fit of tagsvalues ~ FIGURE 2: Treatment of the purified H-2Zh3;m complex with

. . . . N-glycosidase F (PNGase). Key: lane a, untreated; lane b,
plotted against the peptide concentration, according to theN-glycosidase F treated. The positions of molecular weight markers

equationkops = Kon[peptide]+ ko (29). The residuals shown  are indicated in the left margin. The arrow indicates the molecular
in Figure 11 (the differences between the data points andweight of the glycosidase. Glycosylated Beavy chain appears

the fitted curve) demonstrate that there is no systematic as two bands (here overlapping), which probably carry three and
deviation from this equation. two N-linked glycans (there are three potential sites for N-linked

glycosylation; compare Figure 3).

Analysis by SDS-PAGE of the purified protein (Figure
1, lane d) shows a sharp band at 12 kDa, corresponding to
] ) hg.m (11.8 kDa), and a diffuse band corresponding to
_ Recombinant Soluble™olecules Are Essentially Pep-  glycosylated I heavy chain. The diffuse band appeared
tide-Free. To facilitate purification of the recombinant  mgre focused following neuraminidase treatment (Figure 1,
protein complex, the cDNA encoding the murine MHC class |ane e) and was converted to a single species of ap-
I molecule H-2D was modified to replace the transmembrane proximately 34 kDa upoiN-glycosidase F (PNGase, Boeh-
and cytosolic domains of the protein with a hexahistidine ringer) digestion, close to the predicted size of tHehBavy
tail that binds specifically to nickel nitrilotriacetic acid (Ni chain construct of 33.7 kDa (Figure 2). The bands corre-
NTA) agarose. We then expressed this and a cDNA gsponding to B heavy chain and fym could both be
encoding humagi;m (h3.m) from one plasmid in CHO cells  precipitated in identical amounts with the monoclonal
using the glutamine synthetase-based expression sy2®m ( antibodies 28.14.8S (specific for thg domain) and B22.249
which allows the amplification of integrated plasmid via (gpecific for the folded conformation of the; and o
selection with the glutamine analoguenethionine sulfox-  gomains) 8, 27, 33, indicating that these molecules had
imine (see the Materials and Methods). folded ay, o, andai; domains and thatm was bound to

From the supernatant of the highest expressing clones, wethe D heavy chain (Figure 3).
obtained between 10 and 25 mg of recombinant protein per Analysis of the protein by mass spectroscopy and isoelec-
liter of culture. This was isolated from the cell culture tric focusing (IEF) gave no evidence for a heterogeneity in
supernatant by NiNTA affinity chromatography30), and the Som population, indicating that no hamster (from the
protein aggregates were removed by Sephacryl S-200 HRCHO cells) or bovine (from the fetal calf serufim was
gel filtration and a second NiNTA column with gradient detectable in our Bhs,m preparation (Dennis Benjamin,
elution (Figure 1, lanes-&d). personal communication).

RESULTS
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Ficure 3: Precipitation of S]methionine-labeled H-2 Zh3,m
complex from CHO cell supernatant with the monoclonal antibodies
28.14.8S (lane a) and B22.249 (lane b) and with-NTA agarose
(lane c) (autoradiograph of an SDS polyacrylamide gel). The
positions of molecular weight markers are indicated in the left
margin. Equivalent amounts of "Dheavy chain and fym are
precipitated with 28.14.8S and B22.249, indicating that the large

majority of D heavy chains are associated witBym and folded
correctly. The weaker band below the main heavy chain band

probably arises from a missing N-linked glycan (compare Figure
2).
——
a b c

FiIGURE 4: Native isoelectric focusing gel of the purified H-2D
h.m complex before (lane a) and after (lane b) addition ofRD
NPsg-Y367-374 peptide. The isoelectric points (IEPs) of the markers
in lane c are indicated on the right margin. The doublet structure
of the bands is possibly due to incomplete neuraminidase digestion
although on SDSPAGE a single band is observed (Figure 1). Both
bands exhibit an IEP shift upon exposure to peptide.

On native IEF (nlEF) gels, the material purified by gel
filtration separated into two groups of bands, one of which
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Ficure 5: Thermal denaturation of the H-2°BS,m complex.
"Tryptophan fluorescence (upper panel) and first derivative of
tryptophan fluorescence (lower panel; see materials and methods)
of 50 nM H-2D/h3,m complex without peptide (no peptide) and
with saturating amounts (M) of NPgg-Y367-374 and NR-Y367-

379, or of fm alone 3,m). R.U.= relative units.

was displaced when a charged peptide was added to thdower stabilization energy and therefore a lower binding

sample prior to focusing. These “peptide-responsive” bands,

presumably corresponding to empty/BB8,m complexes,
were purified by preparative nlEF in solution on a pH 6.4

constant as a result of the C-terminal elongation of this
peptide. The complex with the SV-324-332 peptide had an
intermediately, of 50 °C (data not shown). Th&;, of hg.m

to 7.0 gradient. The protein peak in the more basic fractions alone was determined as 62 in this assay, indicating that

contained B¥hB.m complex which shifted entirely on nIEF

the denaturation signals at lower temperatures originated

gels upon addition of charged peptide, indicating that at leastfrom the ¥ heavy chain.

the great majority of it was now able to bind exogenously
added peptide (Figure 4).
To further examine whether our preparation dfHz,m

In earlier work, it was shown that complexes df lieavy
chain with murine §) or humans.m (Vincenzo Cerundolo,
unpublished) dissociate during overnight incubation in

was able to bind peptide, we recorded thermal denaturationdetergent cell lysates at°€. In contrast to these observa-

curves following the tryptophan fluorescence of the protein
(Figure 5). The IEF-purified protein showed a sharp and
uniform transition with a midpointT,) at 30.5°C. This
Tn shifted to 56°C when optimal-binding N&-Y367-374

tions, our purified YhB,m complex was stable in phosphate-
buffered saline (PBS) at 4C for at least 10 days without
change in its peptide-binding properties (data not shown).
The instability of the binary complex in cell lysates may be

(sequence YSNENMDAM) peptide was present in excess, due to a denaturing effect of the detergent, similar to the
suggesting that the protein could be stabilized by peptide slowing effect of detergent on peptide association (see
binding. With NRgY367-379 (sequence YSNENM- below). Destabilization of H@,m complexes in vitro has
DAMESSTL), aTy of 41 °C was observed, indicating a also been found for H-2K(7) and H-2K! (13).
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Table 1: Determined and Predicted Binding Constants for Peptides to°Hg2m2

Ka Kon Kon = SD
(x 1P MY koit = SD (x 1IEM~tsY) (x 1P M~1s7h)
peptide T(°C) + SEM,n=3 (x 10°8s™Y predicted measured
recombinant protein
SV-324-332 16.5 46 5.7 40.5+ 0.5 1.86 190Gt 180
4 85+ 5.9 10.2+ 0.2 0.87 1366t 180
NPes-Y367-374 37 0.284+ 0.06
16.5 1790+ 130
4 612+ 3
NPsg-Y367-374G9 16.5 687+t 7
NPes-Y367-379 16.5 340+ 25
T2DP cell lysate
SV-324-332 4 84r{=1) 3.3 0.28 35.6
SV-324-332 4 20+ 6.1 3.15 0.063 8.6

a Dissociation rate constantk.{) measured by dissociation of tritiated peptide in the presence of unlabeled competitor; equilibrium constants
(Ka) measured by radioligand binding assay using trititated peptide. Association rate constamatl{ recombinant H-2B/h3,m measured by
stopped-flow fluorescence spectroscopy. In the T2&ll lysate, association rate constants measured by radioligand binding assay (see Materials
and Methods)." Data for iodinated peptide. Errors on the constants from cell lysate binding assays are estimated to 20%; elsewhere they are the
standard deviation of the curve fits (SD) or the standard error of the mean of multiple determinations (SEM, with the number of determinations
given asn). Predictedkon = Ka Koii. Sequences of peptides (single letter code): SV-324-332, FAPGNYPALsY867-374, YSNENMDAM;
NPsg-Y367-374G9, YSNENMDAG; NR-Y367-379, YSNENMDAMESSTL.

To examine whether the hj3,m complex was forming
higher-order oligomers, we performed analytical ultra- 4108k
centrifugation of the neuraminidase-treated pure protein. We
obtained a molecular weight of 46820 460 Da for the
empty ’hB.m molecule and 4779@& 1000 Da for the
complex with NRg-366-374 peptide bound. These values
are slightly above the molecular weights of 45511 and
46 493 Da predicted for the unglycosylated complexes, the
difference probably being due to some remaining glycosyl-
ation of the I heavy chain. The comparable values before
and after peptide binding indicate thatt @as present in the
heterodimeric complex of heavy chain angbim but not in
larger aggregates and that it remained so after the binding o= 0 v e
of peptide. 10 108 107 106

We determined the extinction coefficient at 280 nm of the [peptide] (M)

Dhf3;m complex as = 100 0004 5000 M * cm* based o o6 Binding of tritiated SV-324-332 peptide (FAPGNYPAL)
on calculations32) and protein concentration determinations 5 yecombinant soluble H-2 Th.m complexes at 16.5C
in comparison to bovine serum albumin. (asterisks) and at 2C (squares). Data are the means of triplicates.

Determination of Equilibrium Affinity ConstantsEqui- The curves are _binding isotherms calculated for the affinity
librium binding of tritiated Sendai virus peptide SV-324- constants shown in Table 1. The arrow marks the amount®of D
332 (sequence FAPGRH]-YPAL) (33) to recombinant B g][aztg\gl\(l)airﬁdded to the reaction (4.6 nM) as measured by absorption
was saturable with association constantskgf= 4.6 x '

10’ M~ at 16.5°C and 8.5x 10" M~* at 4 °C (Figure 6, that we ascribe to the stabilization of already existirj D
and Table 1). These numbers agree with affinity constants h3,m complexes by the high external concentration of one
of class | molecules for optimal-length peptides determined subunit. Under all three conditions tested, the shape of the
by us and others3( 7, 13. transition minimum in the first derivative is very similar,

Interestingly, it is visible from Figure 6 that the maximum indicating that no change in the nature of the transition and
concentration of binding sites as determined by the radio- no multiple transitions are occurring. Also, in the melting
ligand assay only reached #80% of the added protein as  experiments in the presence of peptide (Figure 5), there is
determined by absorption spectroscopy. We reasoned thabnly one melting transition detectable in the presence of
this could be explained if theth3,m complex was partially ~ peptide, indicating that no substantial amounts of unreacted
dissociated and the free’heavy chain unable to bind free heavy chain were present in the assay.

3108}

2108+

peptide bound (M)

1108}

peptide under the conditions of the assay. Fréen@avy Another possibility is the presence of some denatured D
chain has a far lower affinity for peptide than th&/B,m heavy chain; however, in the ultracentrifugation and upon
complex 9). incubation at 4°C over several weeks, no larger protein

We therefore investigated whether there were detectableaggregates were detectable in our preparation. We therefore
amounts of free BPheavy chain present in our preparation. concluded that the missing 280% protein in the equilib-
In a thermal denaturation experiment in the absence of rium binding assay could most likely be explained either by
peptide, we saw no effect on thHg, at 30.5°C when 100 an imprecise estimate of the molar extinction coefficient of
nM exogenous fym was added in excess (Figure 7). At 2 the protein, which would lead to an error in the determination
uM excess fim, there was a small shift of tHg, to 33°C of the protein concentration by absorption spectroscopy, or
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peptide with the B/h3,m complex (Figure 9). Surprisingly,
the value obtained at AC (4.4 x 10® M~ s71) was almost

2 orders of magnitude greater than predicted. This was too
fast to be accurately measured in a radioligand assay;
therefore, a different technique was necessary.

Peptide Binding to BEnhances Tryptophan Fluorescence.
We had observed that the natural tryptophan fluorescence
(excitation at 295 nm) of the recombinan®/BB,m dimer
was altered upon the binding of peptide in a sequence-
specific manner: when saturating concentrations (100 nM)
of SV-324-332, NBs-366-374, or NBs-Y367-374 (sequence
YSNENMDAM) peptides were added to the®B3,m
complex, fluorescence emission at the maximum increased
by up to 22% (Figure 10). This was accompanied by a shift
of the emission maximum toward shorter wavelengths (blue
shift) by 2 nm. Upon addition of a nonspecific peptide ¢NP
91-99 (KTGGPIYKR), no increase was seen; the peptides
alone, containing no tryptophans, gave no signal.

: An increase of tryptophan fluorescence and a blue shift
T T of the emission maximum upon ligand binding indicate that
20 30 40 the emitting tryptophan indole groups are sensing an

TEMPERATURE (°C) environment of lower dielectric constant, that is, higher

E 7+ Effect of additional the th wability of h hydrophobicity 84). In the crystal structure of 'Dwith the
2D complex. Thermal denaturation. experiment wih NPsr366-374 peptide, three fryptophan side chains interact
270 nM H-20%/hg.m in the presence of no (gray), 100 nM (black), directly with the peptide: residue 167 contacts the N

and 2uM (light gray) additional [8,m. The first derivative of the  terminus, while 147 and 73 form a hydrophobic ridge over
thermal denaturation curve is shown. A stabilization shift is which a C-terminal bulge in the peptide form35(. To

observed with 2:M additional B.m. determine whether the fluorescence effect upon peptide
) ) binding was caused by a direct interaction of the peptide
by the assumption that some of the protein was already yith tryptophans in the binding groove or by some secondary
occupied by high-affinity peptides and therefore failed to effect of peptide binding (such as a conformational alteration
bind exogenous peptide in the equilibrium assay. of the protein), we tested the peptide LCMV GP-92-101
Determination of Dissociation ConstantdVe then ex- (sequence CSANNSHHYI1)36) in the fluorescence assay.
amined the dissociation of tritiated optimal-length SV-324- \ve hypothesized that in the binding of the peptidesgNP
332 peptide from the Pmolecules in the presence of a large  366-374 (ASNENMDAM:; amino acids predicted to contact
excess of unlabeled peptide (Figure 8). To avoid any gne of the D tryptophans are underlined), NP68-Y367-374
complicating effects of dissociation ofgpm from the (YSNENMDAM), and SV-324-332 (FAPGNYPAL), hy-
complex, 1uM additional i,m was included in all measure-  drophobic amino acid side chains from the peptide contact
ments. Dissociation Obeyed first-order kinetics with half- one or several of the tryptophans in the b|nd|ng groove, and
times of 5.5 h at 16.8C and 27 h at 4C (dissociation rate  cause the fluorescence increases. In contrast, in the CSANN-

AUAT (1/K)

constantskor = 4.1 x 10 st and 1.0x 10° s}, SHHY! peptide, among the potential contact residues are one

respectively) in agreement with the slow dissociation rates cystein and two histidines. These amino acids are strong

of peptides from class | molecules found previously T, quenchers of tryptophan fluorescen@)( If the change

11, 21). in fluorescence upon peptide binding was due entirely to a
Prediction of an Association Rate Constarithe meas- conformational alteration of the "h3,m complex, no

urements of the equilibrium association and dissociation rate difference in the signal should be observed between the
constants allow the prediction of an association rate constant CSANNSHHY! peptide and the three others. If, on the other
If the binding of peptides to H-2Dfollows a single-step  hand, the fluorescence signal originated from the direct
mechanism interaction of the peptide with the PIB,m complex, a
guenching effect and not an increase of the fluorescence
would be expected with the CSANNSHHY| peptide. Indeed,
a fluorescence decrease of 4.5% was found upon binding of
CSANNSHHY!I at saturating concentrations (Figure 10),
the law of mass action equates the equilibrium affinity indicating that direction and magnitude of the fluorescence
constantK, to the ratio of the kinetic association and effect are dependent on the sequence of the peptide.
dissociation rate constantg,{k.). Under this assumption, We therefore conclude that the fluorescence alteration
the association rate constant can be predicted from the aboveriginates from interactions between the peptide and tryp-
values forK, andkey ask,n = 1860 Mt st at 16.5°C and tophan side chains of the®nolecule that are the result of
870 M1 st at 4°C (Table 1) or association half-times of direct and sequence-specific binding of the peptide. Natural
approximately 1.0 and 2.2 h at 100 nM peptide concentration. tryptophan fluorescence spectroscopy thus provides a novel
We therefore used a radioligand-binding techniqlL®) ( method for following the association of peptides to H22D
to determine the association rate of tritiated SV-324-332 in solution in real time. It avoids errors from the modifica-

D"+ peptide% (D"-peptide)
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Ficure 8: Dissociation rates of the SV-324-332 peptide (FAPGNYPAL) from H/BBym complex (averages of three experiments).
Triangles, recombinant protein and tritiated peptide;@pdiamonds, recombinant protein and tritiated peptid&; Acircles, recombinant
protein and iodinated peptide °€; squares, T2BPcell lysate and tritiated peptide,°€. The straight lines represent nonlinear least-squares
fits of exponential functions (parameters in Table 1). Only in the experiment from cell lysate, an initial rapid drop of the bound radioactivity
is seen as described earli®);(the time-point fort = 0 was therefore omitted from this curve fit.
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Ficure 10: Sequence-specific alteration of the tryptophan fluo-

rescence of the soluble H-2°MS.m complexes upon peptide

binding. Fluorescence emission scans, excitation at 280 nm. The

curves are normalized to the emission maximum of the empty

complex= 100 R.U. (relative units). Solid line: 100 nMP3,m,

no peptide addedlfa{wavelength of emission maximum) 345.5

L 1 nm). Dashed and dotted line: 100 nM/BB3,m, 100 nM NRg-

0.0000 P S T Y367-374 peptide Anax = 343.5 nm). Dotted line: 100 nM D

0 10 20 30 hB.m, 20 uM NP-91-99 peptide Anax = 345.5 nm). Dashed line:

[PEPTIDE] (nM) 100 nM D’/hBm, 100 nM GP-92-101 peptidé fax = 345.3 nm).

FIGURE 9: Association rate of tritiated SV-324-332 peptide to the Tﬁe peptides by themselves exhibit no fluorescence (data not
recombinant H-2B/h3,m complex measured by the radioligand ~S"OWN)-

assay. Panel A, binding curves: 25 nM peptide, 24.5 M\{dbsed . .
Circ|es); 15 nM peptide, 4.9 nM uopen Circ|es); 2 nM peptide’ 11 and 12, ValueS Summanzed n Table 1) PIOtS Of the

4.5 nM D’ (triangles). The lines represent simple exponential curve observed association rate against the concentration of peptide
fits. Panel B: apparent on-rategyJ from panel A, plotted against ~ were linear and nonsaturable in the range tested, indicating
peptide concentration. The line represents a least-squares fit W'ththat we were observing a second-order reaction. From the
a slope (association rate constant) of (&4.33) x 1° M~1s™1, ) .
One more data point between 2000 and 11 700 s is not shown butS/oPe of the least-squares fits to the data (see materials and
used in the fits. methods), the association rate constant of the SV-324-332
peptide was determined as 1x410°F M~ s™! at 4°C; the

tion of either partner by radio-iodination, fluorescent labeling, value for NRg-Y367-374 was 6.1x 10° M~ st at 4°C.
or immobilization on sensor surfaces. Values at 16.5C were somewhat increased, x910° M~

Fast Peptide Binding Measured by Stopped-Flow Fluo- s for SV-324-332, and 1.& 10° M~ s7* for NPsg-Y367-
rescence.We then used tryptophan fluorescence emission 374.
in a stopped-flow method3@) to measure the association To assess the potentially complicating effects gbrh
of peptides with the soluble Th3,m complex over arange association and dissociation, we also measured the binding
of peptide concentrations from 100 nM to 2M (Figures of SV-324-332 at 16.5°C in the presence of 100 nM

0.0120

0.0080

Kobs s

0.0040
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: ' : Influence of Thermal Denaturation on Peptide Binding.

o012 We reasoned that the fast association of peptides with
3 class | molecules might not have been reported in previous
= studies because either modification of peptides was influenc-
z ing the binding kinetics, detergent was present, or the binding
g oo was examined at temperatures above the melting point of
g the empty molecule 16). We therefore tested peptide
é binding under some of these conditions (Table 1).

-0.020 The association rate of the peptide, g¥¥367-374,
R : . s increased from 6.k 1° M *stat4°Cto 1.8x 1°M!
Z 0001 st at 16.5°C. However, if the temperature was raised
i o further to 37 °C, above the transition midpoinfT{) of
E ool thermal denaturation as measured by tryptophan fluorescence
A 0

(30.5°C; see above), the association rate dropped sharply
to 275 Mt s71, i.e., by nearly 4 orders of magnitude. (This

- . value, too low to be measured by stopped-flow technology,
Ficure 11: Binding of 1uM NP-Y367-374 peptide to 100 nM . ;
H-2Db/hB,m measured by stopped-flow fluorescence spectroscopy was determlned .by quoresce_nce enhe}ncementiln a St?ady-
(panel a; RU= relative units). Data are the mean of 35 independent State experiment in a conventional fluorimeter, using a stirred
measurements. The nonlinear least-squares fit of the binding cuvette.) This suggests that, upon melting, the binding site
function (see Materials and Methods; panel b, residuals of the curve had undergone a denaturation process that was only slowly
fit) gives kobs = 2.384+ 0.022 s1. The standard errors of the mean reversible by the binding of peptide. Upon cooling of the
were in the range of 1015% of the means. : . L

empty protein back to 4C, we again observed fast binding

kinetics (data not shown), demonstrating that the 3@5
thermal denaturation of the molecule was reversible.

Influence of Detergent and Peptide ModificatioAs we
had noticed that the presence of detergent cell lysate had a
denaturing effect on the peptide-fre&/R8,m complex (see
above), we next sought to determine whether the presence
of detergent, cell lysate, or covalent modification of the
peptide by iodine had any effect upon the binding kinetics.
We therefore measured the binding parameters of tritiated
and iodinated SV-324-332 peptide to cellular wild-type D
molecules in detergent lysates of T2&ells at 4°C using
methods described previousl§) @nd found equilibrium and
dissociation constants similar to those measured with re-
combinant molecules (Table 1). In contrast, the association
rate constant of tritiated peptide was reduced from
— s P 14x 1P M 1s1to 3.6 x 10* M~ s 1in the presence of
0 110 2:10 310 -y .
) detergent cell lysate. A similar value was obtained when
[peptide] (M) recombinant protein was used in the
presence of detergent
FiGurRe 12: Fluorescence stopped-flow association rates of peptideS(data not shown). With SV-324-332 peptide iodinated on

to soluble H-2D/hB,m complex. Small filled circles and continuous . . o L
line, NPyg-Y367-374, 16.5C; large filled circles, NByY367-374, the tyrosyl side chain (position 6), the association constant

16.5°C plus additional 100 nM fym; squares, SV-324-332, 16.5 Was reduced further to 8.6 10° M~* s™*. We therefore
°C; open circles and short dashed line, ¢NIP367-374, 4°C; conclude that the presence of detergent, cell lysate, and the
diamonds, NB-Y367-374G9, 16.5C; asterisks, N&-Y367-379, iodination of peptide, even at nonanchor residues, all slow

16.5°C. The slope of the straight-line fit gives the association rate indi ; i mi ;
constant. Association rate constants are listed in Table 1. Fgr NP the binding of peptides to'D This might explain why other

Y367-379 and NR-Y367-374G9, not all data points used to derive researchers, using cell lysates or modified molecules, have

TIME (sec)

6.0

40

Kobs (sec’l)

20

/;/f

0.0

the curve fits are in the range shown. always found lower association rate constants.
additional i8,m. In this experiment, no difference was seen  Stability of the Initial >—Peptide Complex Finally, we
in the association rates obtained without additioryanin investigated whether an unstable intermediate was present

(Figure 12). We therefore concluded that association in the D’—peptide binding reaction (Figure 13). We
between potential free Theavy chain andfym was either therefore attempted to displace the SV-324-332 peptide
not taking place or too slow to be detected in the stopped- which gives a small fluorescence enhancement (3% at
flow assay. saturation), at different times after binding t&,Bvith an
Alterations to the optimum peptide sequence reduced theexcess of NR-Y367-374 peptide which gives a higher signal
association rate constant. When the C-terminal anchor(16%). As judged by its ability to increase tfg, of the
residue of the NR-Y367-374 peptide, methionine, was protein, NRg-Y367-374 (56°C) and SV-324-332 (50C)
replaced by a glycine, the association rate constant droppechave comparably high affinities for’ths.m. Because the
to 687 x 10° M~ st at 16.5°C; when the peptide was association rate constant of BPY367-374 is very high, the
extended by five amino acids to give MFY367-379, arate  resulting fluorescence increase is controlled by the dissocia-
of 340 x 10° M~! st was observed. tion of the prebound peptide.
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120 — 4), it is possible that small amounts have remained in the

: final preparation. As the protein is in equilibrium with
peptide-free buffer during the purification procedures, it is
likely that those peptide-filled molecules that remain have
high-affinity peptides bound to them that will not dissociate
during the course of a binding experiment and therefore not
interfere with the fast binding reaction.

Also, a partial dissociation of the complex of beavy
chain and ffm into its components might complicate the
kinetics of the heavy chain-peptide binding reactidd)(

We have found no evidence that this process occurs under
T — the conditions of our assays.
TIME (min) With the use of natural tryptophan fluorescence to monitor
FiIGURE 13: Peptide-exchange experiment to determine the stability Peptide binding to soluble purified class | heavy chaiml
of newly formed D-peptide complexes by steady-state tryptophan complexes, we have taken care to choose a system that avoids
fluorescence. 100 nM ZhS,m complex, 100 nM excessshm. all possible artifacts such as the modification of peptide,
Gray (upper) curve: control experiment. Addition of J4fY367- immobilization of the class | molecule, interference of other

374 peptide to 5«M (at 2 min). Black (middle) curve: exchange . .
shortly after binding. Addition of SV-324-332 peptide to 500 nM  Proteins, or presence of detergent. We believe that the

(at 2 min), then 100 s later addition of MPY367-374 peptide to  fluorescence assay represents a true peptide binding event
5 uM to attempt displacement. Light gray (lower) curve: exchange because the signal originates from the direct, and sequence-

from equilibrium. Addition of SV-324-332 peptide to 500 nM (at  specific, interaction of the peptide with the protein. This is
2 min), then incubation for 16 min. Further incubation overnight gemgnstrated by the fluorescence decrease upon addition of
to reach equilibrium (o/n in the figure), then addition of MY 367- . .
374 peptide to 5uM (at 23 min in the figure) to attempt the GP-92-10_1 peptide and the lack O_f a change in the
displacement. The slow decrease of this trace is due to photo-fluorescence signal when high concentrations of the irrelevant
bleaching of the sample. peptide, NBs-91-99, are added (Figure 10). However, in
the fluorescence assay, equilibrium association constant and

At 20 °C, 500 nM SV-324-332 peptide were added to 100 dissociation rate are difficult to measure accurately: the
nM Dhp.m, and the fluorescence increase was followed. former because of the low fluorescence signal at the D
After an overnight incubation, an excess of §¥367-374 concentrations necessary to perform a titration experiment
peptide (5:M final concentration) was added in an attempt (0.1-0.5 x Kg, or 2-10 nM) and the latter because of the
to displace the SV-324-332 peptide from the initial complex. insufficient baseline stability of fluorimetry equipment during
No increase in the fluorescence, and therefore no displace-the time required to measure dissociation of a high-affinity
ment of peptide, was observed in the duration of the peptide from D (= 20 h). Therefore, radioligand assays
recording (30 min after the addition of the second peptide) were still required to obtain accurate values for these
or in an emission spectrum recodd2 h after the continuous  constants. In control experiments, we have found that
recording. dissociation of the SV-324-332 peptide fromi & 20°C is

We then performed the same experiment very shortly after undetectable in a 2.5 h fluorescence experiment (Figure 13)
the first addition of peptide. One hundred seconds after theand that the affinity of the binding process measured by
SV-324-332 peptide, NjgY367-374 was added to bM tryptophan fluorescence enhancemen i€ M~ (data not
(final concentration). However, there was only a small shown). Together with the demonstration of fast association
increase in the fluorescence, which we believe is due to therates in the radioligand assay (Figure 9) this provides strong

s L g
110

105 |

INTENSITY (R.U.)

100

binding of excess peptide to previously unreactéthgm. evidence that both assays monitor the same direct and
Therefore, we find no evidence that an unstable intermediatesequence-specific interaction of peptide arfthB,m com-
exists at an early stage of the binding reaction. plex.

Fast Association RatesWe find that the specific binding
DISCUSSION of physiologically relevant peptides td’Proceeds substan-

tially faster in our system than previously reported for

In this study, we have used a stable preformed complex class peptide associations. This necessitated a stopped-
of a MHC class | heavy chain witf$,m to examine the flow approach to measure the association rate constants. The
binding of peptide to the complex in a pure system. We values that we have obtained, around M0* s™* at 4°C,
decided to use the complex of H-2Meavy chain with are in accordance with association rates observed for peptides
humang.m because this combination is more stable in vitro and small molecules binding to antibodi@841), enzymes
than the complex with muring.m, yet exhibits identical (42, and cell surface receptorg43d), which lie generally
antigen presentation characteristics in vi8h (The purifica- between 1®and 16 M~ s™%. The theoretical upper limit
tion procedure avoids denaturation and renaturation stepsfor a diffusion-controlled classdpeptide association reaction
attempting to keep the protein native and active at all times; calculates as approximately lM~! s~ according to the
moreover, the protein is never exposed to detergent, whichSmoluchowski equatiordd) (S. Springer, unpublished); the
has a denaturing effect on the complex and slows down difference to our measurements is probably due to the fact
binding kinetics (see the previous text). Although peptide- that some spatial and conformational orientation of peptide
occupied complexes, initially present to about 50% of the and class | molecule has to take place before initial binding
protein as determined by nlEF, are largely removed (Figure can occur.
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The melting temperaturd () of the peptide binding site  has been assumed that these complexes could not form
of the empty BD/h3,m complex of 30.5°C lies below the without a conformational rearrangement of the binding site
physiological temperature of 3. Above theT,, peptide during peptide binding. Our observations now provide
binding slows down significantly to approximately 275 experimental evidence in support of this hypothesis.
M~tstat37°C, or 6500-fold down from the rate observed Upon the addition of peptid&() or 3.m (8), free I heavy
at 16.5°C. One possible explanation is that below g chains in detergent acquire the epitope for the monoclonal
a highly peptide-receptive conformation of thé Beavy antibody B22.24931). The acquisition of this epitope is
chain is “frozen”, which is only one of many possible notidentical to the conformational change of thedinding
structures of the molten binding site. To allow for fast site that we propose but lies earlier on the complex formation
peptide binding in vivo, this reversible denaturation of the pathway. The empty soluble’@nolecules described in this
binding site at 37C could be prevented by interaction with  study haves,m bound to them when they are isolated and
additional factors such as the peptide transporter T48>( can therefore be precipitated with B22.249 before they are
47), the class I-binding protein Tapasiag, 49 or the ER exposed to peptide (Figure 3).
chaperones calnexin and calreticuls0{52), all of which In MHC class Il molecules, a conformational change upon
have been shown to interact with class | molecules at variouspeptide binding has been demonstrated by SDS gel mobility
stages of their biogenesis. They, or some as yet undescribednalysis 61, 62. The authors suggest that the peptide first
factor, could serve to hold the class | binding site in the binds to the class Il molecule to form an intermediate that

peptide-receptive state. slowly rearranges to the stable complex, a common mech-
Results from another recent study4) suggest fast anism in receptorsi@). We have been unable to detect any
binding, on the order of % 10* M~1s™! at 4°C, of dansyl- signs of an unstable, fast-dissociating intermediate in the

labeled peptides to the H-2kclass | molecule. Still, the  peptide-I¥ binding process that should be present in con-
association constants that we find using stopped-flow siderable amounts at early time-points of the reaction; in
fluorescence spectroscopy at high ligand concentrations arecontrast, the fast binding reaction already appears to be
about 30-fold higher (Table 1). Dissociation of dansylated essentially irreversible (Figure 13). Additionally, when
peptides in that study proceeds biexponentially, with rates compared to MHC class || molecules and other proteins that
between 0.1 and 18s at 37°C or between 6< 104 and undergo conformational changes upon ligand bindihg, (
2 x 105stat4°C. This is considerably faster than what 43, 63, the mismatch between predicted and found associa-
we observe with unmodified peptides. Slower association, tion rate, 3 orders of magnitude, seems exceptionally large
biexponential dissociation kinetics, and faster dissociation in H-2D. For these two reasons, we think that the first,
rates could all be due to the dansyl modification of the fast-binding step, as monitored by tryptophan fluorescence,
peptide side chains, which might lead to nonoptimal binding might be followed by several rearrangement steps that could
of the peptide; indeed, the authors observe that the place ofbe essentially irreversible. These might represent the folding
attachment of the dansyl group to the peptide has a profoundof the hydrophobic binding site around the peptide, giving
effect on equilibrium affinity and the kinetics of dissociation rise to its buried appearance in the crystal structure. In
of the complex. Therefore, in that study, no mismatch of another hypothetical scheme, a rapidly formed kinetic
the kinetic to the equilibrium binding constants could be intermediate could proceed both in a productive manner,
reported conclusively. giving rise to a stable complex, and nonproductively, leading
Mismatch of Kinetic and Equilibrium Constant8Ve have to its dissociation.
found the association rate constant for the SV-324-332 This proposal of a conformational change in the binding
peptide at £C to be 1500 times higher than predicted from site of the D/8,m complex upon peptide binding implies
the product of dissociation rate and equilibrium constant at that when class | molecules first interact with peptide, they
this temperature. This leads us to propose that the bindingmay be in a conformation that is different from the
of peptide to the BY3,m dimer is not a simple one-step equilibrium structure observed in crystallographic studies.
association/dissociation but governed by a more complex This “encounter complex” formed on first contact with the
mechanism. Complicated ligand-binding kinetics fre- peptide could comprise fewer, or different, interactions of
quently indicate the conformational isomerization of a the class | heavy chain with the peptide. Additional evidence
receptor 29) or antibody 89, 53 in the binding process. for this hypothesis comes from our observation that the
Viewed from a different perspective, the equilibrium affinity association rate constant is only weakly influenced by
constant that we observe, and therefore the binding energyvariations of the peptide sequence: if glycine is substituted
of the class +peptide complex, is 1500 times lower than for the anchor residue methionine in position 9 of the;NP
predicted from the ratio of the kinetic constants, suggesting Y367-374 peptide, the association rate constant only de-
that part of the binding energy is used by the protein to creases by 2.8-fold (Table 1). Likewise, if the peptide’s
undergo a conformational change, thereby leading to a lowerC-terminus is extended by five amino acids, the decrease in
apparent equilibrium association constaid,(55. the association rate is only 5.6-fold. Although we have not
A conformational change of the class | molecule upon obtained equilibrium affinity data for these peptides due to
peptide binding has indeed been proposed from the study ofthe difficulty of labeling methionine-containing peptides with
the crystal structures of HLA-A25¢), H-2KP (57), H-2DP tritium, earlier data using iodinated peptides in detergent cell
(35), and other class | molecule§8). In these crystals, a lysates suggest that for the elongated peptide the equilibrium
large proportion of the peptide surface is buried in the constant may decrease by as much as factor3%0 This
class | binding groove59). The crystal structure of the provides a second line of evidence that initial binding of
complex of NRg-366-374 with H-2D) shows that 76.4% of  peptides to /3,m occurs with relaxed specificity compared
the surface of this peptide is buried in the bound state. It to equilibrium binding requirements.
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In the same study, it was demonstrated that complexes of
DY/3,m with altered or elongated peptides have substantially
shorter half-lives (i.e., substantially higher dissociation rate
constants) than those with optimal peptides. They are,
therefore, more likely to dissociate while still in the ER or
before reaching the cell surface. These peptides with higher
dissociation rates are also far less effective than the optimum-
length peptide in sensitizing target cells for CTL lysis.
Recently, other studies have confirmed this connection

between the dissociation rate constant from class | molecules 1¢.

and the in vivo immunogenicity of epitope peptidéd (65.
These observations support the hypothesis that in vivo,
fast on-rates, combined with relaxed initial specificity, allow
class | molecules to bind a wide range of peptides into an
“encounter complex”. Only a subset of these encounter

complexes then becomes permanent and accumulates at the

cell surface. In this model, peptide selection by class |
molecules would occur in two stages: first, at the initial
binding reaction, and second, when dissociation of low-
affinity peptides from initially formed encounter complexes
takes place. Selection of peptides at either stage is likely to
be governed by a sum of peptidelass | interactions that is
different from what is seen in crystallographic structures.
To fully understand the rules of MHC class-peptide
selection, these interactions must therefore be taken into
account. Further kinetic investigation of both stages of
peptide binding will then extend the understanding of class
|—peptide binding specificity and peptide selection beyond
the limits of equilibrium measurements.
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