Biochemistry2005,44, 56175624 5617

Cooperativity during the Formation of Peptide/MHC Class Il Compléxes

Matthew W. Anderson and Jack Gorski*

Blood Research Institute, Blood Center of Southeastern Wisconsin, Milwaukee, Wisconsin 53201, and Department of
Microbiology and Molecular Genetics, Medical College of Wisconsin, Milwaukee, Wisconsin 53201

Receied June 24, 2004; Resed Manuscript Receed February 15, 2005

ABSTRACT. To generate an effective immune response, class Il major histocompatibility complex molecules
(MHCII) must present a diverse array of peptide ligands for recognition by T lymphocytes. Peptide/
MHCII complexes are stabilized by hydrophobic anchoring of peptide side chains to pockets in the MHCII
protein and the formation of hydrogen bonds to the peptide backbone. Many current models of peptide/
MHCII association assume an additive and independent contribution of the interactions between major
MHCII pockets and corresponding side chains in the peptide. However, significant conformational
rearrangements occur in both the peptide and MHCII during binding. Therefore, we hypothesize that
peptide binding to MHCII could be viewed as a folding process in which both molecules cooperate to
produce the final conformation. To directly test this hypothesis, we adapt a serial mutagenesis strategy to
study cooperativity in the interaction of the human MHCII HLA-DR1 and a peptide derived from influenza
hemagglutinin. Substitutions in either the peptide or HLA-DRL1 that are predicted to interfere with hydrogen
bond formation show cooperative effects on complex stability and affinity. Substitution of a peptide side
chain that provides a hydrophobic contact also contributes to the cooperative effect, suggesting a role for
all energetic sources in the folding process. We propose that cooperativity throughout the peptide-binding
groove reflects the folding of segments of the MHCII molecule into helices around the peptide with a
concomitant folding of the peptide into a polyproline helix. The implications of cooperativity for peptide/
MHCII structure and epitope selection are discussed.

MHC class Il molecules (MHCIE are heterodimeric P4, P6, and P9 have been identified as critical for peptide
glycoproteins that present antigenic peptides to T lympho- binding to MHCII. Viewed from this perspective, the peptide/
cytes in order to initiate or propagate an immune response.MHCII interaction is a docking event mediated by the
Selection of peptide via the MHCII pathway (epitope anchoring side chains. Side chain/pocket “motifs” have been
selection) involves a series of molecular and cellular events useful in identifying potential T cell epitopeg)( yet fail to
within specialized cells of the immune system). (Initially, explain those instances of high affinity peptide/MHCII
MHCIlI o/ heterodimers are synthesized bound to a interactions in the absence of major anchor/pocket interac-
chaperone molecule called invariant chain, which targets thetions @—10). In addition, we have recently observed that
complex to the endosomal compartment, an active site of multiple substitutions in “minor” anchor positions P2, P3,
antigen degradation. In this low pH, protease-rich environ- P7, and P10 can reduce the affinit{p] of the HAgps-318
ment, the invariant chain molecule is cleaved, freeing MHCII (HA) peptide ligand for the human MHCII HLA-DR1 (DR1)
to bind antigenic peptide in a process influenced by the over 11000-fold, despite the fact that the “major” anchor/
peptide-exchange protein HLA-DMZ2). Crystallographic pocket interactions remained unchangé) (
analysis of peptide/MHCII complexes has identified two  An important limitation of the “anchor/pocket” model of
major sources of binding energ§)( one is the sequestration  peptide/MHCII binding is the assumption that the contribu-
of peptide side chains or “anchors” in polymorphic pockets tion to binding energy by either the peptide or MHCII is
in the MHCII protein, and the second is the formation of a additive and independent?, 13). However, we prefer to
hydrogen bond (H-bond) network between main chain atoms consider the formation of a peptide/MHCII complex as an
of the peptide and conserved residues in the MHCII. Through example of a folding interaction, a view that has been
the use of single amino acid substitutions in the peptile ( suggested previousiyi4). Such a model would be compat-
5) or randomly generated peptide librari€, complemen- ible with an increasing appreciation of the role of confor-
tary side chain/pocket interactions at the major pockets P1, mational flexibility in molecular recognitiorl§), especially

for proteins involved in the immune respond&)( Indeed,

o peptide/MHCII complexes exhibit significant conformational

o oo mcroseen. i adcress:IexIDilty as shown by at least two conformational states:
The Blood Center of Southeastern Wisconsin, P.O. Box 2178, an “open,” or “active” fast dissociating conformer, and a
gilwaﬁkee’kévécggevoéd Tel: 414-937-6367. Fax: 414-937-6284. “closed” or “compact”, kinetically stable conformetq—

rln,z;)brjg\?iations: MHCH major histocompatibility complex Il; DR1, 22). These .Conformer.s are invalved in _peptlde blndmg to
HLA-DRL; PBS, phosphate-buffered saline; H-bond, hydrogen bond: MHCII, as kinetic studies reveal a fast bimolecular peptide/
HA, hemagglutinin; wt, wild-type. MHCII association step to generate the open conformer,
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followed by a slower unimolecular conformational change
step to produce the stable compl&d(25). Furthermore,
these conformational changes are dependent on the natur
of the peptide ligand1(9, 26, 27), and may act as a “kinetic
trap” to increase the longevity and presentation of peptide/
MHCII complexes {8, 25. Peptide binding may also trigger
global conformational changes in the MHCII protein, includ-
ing regions in the MHCIP chain distal to the peptide binding
groove @8).

As a consequence of the folding process, conformational

changes in proteins are often characterized by measurable

cooperativity between functional subuni®9). Therefore,
one would predict that peptide binding to MHCII would be
a highly cooperative process. Although experiments specif-
ically designed to test for cooperativity in peptide/MHCII
interactions have not been reported, some studies have note
possible cooperative effects on peptide affinity and stability
among anchor/pocket interactions in MHC clas80)(and
MHCII (31) molecules, and H-bonds in peptide/MHCII
complexes32). However, the relationship between peptide/
MHCII folding and cooperativity remains unclear.

In this work we utilize multiple, iterative amino acid
substitutions in the complex of the HA peptide and DR1 in
an attempt to identify and quantify cooperative interactions
between peptide and MHCII. First, we analyze a series of
substitutions that are positioned across the binding groove
that do not influence the primary hydrophobic anchor
interactions, and are predicted to either directly or indirectly
destabilize the H-bond network. In keeping with significant
conformational changes occurring in the MHCIl upon
complex formation, we find cooperative effects on peptide
dissociation and binding. We extend these observations to
include the effect of changing a side chain involved in weak
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Table 1: Affinity and Dissociation Rate of Substituted Peptide/
HLA-DR1 Complexes

€ complex Kb (nM) taz (min)
p81/HA 306-318 50.6+ 2 3971+ 244
p81/IP7 =P 64.4+ 2 3187+ 48
p81/P2 \\~S 75.2+ 4 27124198
DR1/HA 306-318 85.3+ 3 3974+ 255
DR1/P2 \\—S 97.2+ 4 3378+ 101
DR1/P7 I—P 102.4+7 3704+ 82
p81/P10 A~G 118.4+ 5 2048+ 56
p81/P2,7 VI-—SP 132.9+13 1664+ 75
DR1/P2,7 VI—SP 140.2+ 9 2288+ 56
DR1/P10 A~G 157.9+ 6 3821+ 265
/81/P7,10 LA~PG 184.6+ 10 1546+ 111
DR1/P7,10 LA~PG 225.04+ 14 3296+ 141
DR1/P3 K—D 318.9+ 12 2834+ 215
DR1/P2,10 VA-SG 373.1+ 15 970+ 151

d /81/P2,10 VA~SG 558.5+ 67 589+ 59
DR1/P2,7,10 SPG 6058 40 753+ 150
/81/P3 K—D 643.9+ 36 1307+ 222
DR1/P3,7 KI—DP 684.7+ 50 1542+ 144
/81/P2,7,10 SPG 1174 66 378+ 27
p81/P3,7 KI—=DP 2481+ 265 604+ 34
DR1/P2,3 VK—SD 3568.9+ 67 667+ 50
DR1/P3,10 KA-DG 4818.7+ 187 551+ 66
/81/P2,3 VK—SD 9170+ 945 a
DR1/P3,7,10 DPG 99918 917 a
DR1/P2,3,7 SDP 133 1.3x 1¢° a
p81/P3,10 KA~DG 14.04+ 1.7 x 1¢° a
p81/P2,3,7 SDP 33.415x 10° a
p81/P3,7,10 DPG 35.42.7x 10° a
DR1/P2,3,10 SDG 88.93.2x 10° a
/81/P2,3,10 SDG 26.£ 1.0x 10¢ a
DR1/P2,3,7,10 SDPG 3180.7x 10¢ a
/81/P2,3,7,10 SDPG 784 5.9x 10¢ a

a2 Not done.

Generation and Expression 881 Substituted HLA-DR1

hydrophobic anchoring, indicating that all energetic sources Molecules Plasmids encoding truncated forms of the HLA-
can contribute to cooperativity. Finally, we propose that DRa and DR3*(0101) genes were the gift of Dr. Lawrence
cooperativity is directly related to the conversion from the Stern (U. Mass. Medical School). Position 81 His of the
open to closed conformer of the peptide/MHCII complex, a chain was substituted to Asn through the use of the
transition that is dependent on the conformational changesQuikChange site-directed mutagenesis kit (Stratagene) and

that accompany folding.

MATERIALS AND METHODS

Peptide SynthesisPeptides derived from the sequence
GPKYVKQNTLKLAT, representing residues 36@18 of
the hemagglutinin protein from influenza A virus (H3
subtype), are described in Table 1. The N-terminal Gly
facilitated labeling. Side chains in the HA peptide are
numbered relative to the P1 Tyr residB3). Peptides were
synthesized by standard solid-phase methods, purified by
HPLC, and confirmed by mass spectrometry. N-Terminal
labeling with FITC (Molecular Probes) or LC-LC biotin

the primer 5CCAACCCCGTAGTTGTTTCTGCAGTAG-
GTGTC:3. The mutation was confirmed by sequencing, and
wild-type (wt) o and mutangs plasmids were cotransfected
into DrosophilaS2 cells. Stable transfectants were selected
and grown in the presence of 2&/mL blasticidin (Invit-
rogen).381 substituted DR1481) protein was expressed
and purified as for the wt protein. SB®AGE analysis of
purified 81 and wtDR1 proteins revealed no significant
differences in migration or purity.

Native PAGE Analysis of Peptide DissociatioBR1/
peptide complexes were formed by incubatingM DR1
protein with a 10-fold molar excess of FITC-labeled peptide

(Pierce) was performed on the resin before deprotection, andin 50 mM NaHPO, and 50 mM sodium citrate (pH 5.3)

then peptides were cleaved and purified as above.

Expression and Purification of Recombinant Soluble HLA-
DR1 Protein Recombinant soluble empty (peptide-free) DR1
was produced and immunoaffinity purified from a stably
transfectedDrosophila S2 insect cell line essentially as
described 4). Purity was confirmed by SDSPAGE, and
protein was concentrated using centrifugal ultrafiltration
(Amicon). DR1 protein was quantified by measuring the UV
absorbance at 280 nm using agedof 56340 Mt cmt.
DR1 protein was buffer exchanged into PBS (7 mMfNa
K* phosphate, 135 mM NaCl, pH 7.4) before use.

and protease inhibitors for 16 h at 3€. DR1/peptide
complexes were then purified from unbound labeled peptide
by buffer exchange into PBS with a Centricon-30 spin filter
that had been preincubated with 25 mM MES (pH 6.5).
Purified DR1/peptide complexes were then quantified by
reading the UV absorbance at 280 nm, factoring irEad

of 1280 Mt cm for the Tyr residue and 10846 Mcm?

for the fluorescein present in the bound peptide. Purified
DR1/peptide complexes (85 nM) were then incubated with
10 uM unlabeled HA peptide at 37C in 50 mM NaHPQO,
and 50 mM sodium citrate (pH 5.3). To prevent nonspecific
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adherence of the protein, siliconized tubes were used. Atsubstitutions, the expected value would be the product of
various timepoints, aliquots of the reaction were removed all the different substitutions [e.@\tyz expX,Y,Z = (Atysz, X)
and quenched with 0.5 M Tris-HCI (pH 8.0) in gel loading x (Atys, y) x (Atys, 2)]. The cooperativity is the ratio of
buffer and immediately placed on ice. The aliquots were then the expected to observe@ (= exp/obs) values for either
loaded onto a 5/12% native PAGE gel (Biorad) and quickly Aty or AKp. A value of 1 for the ratio of expected/observed
separated by electrophoresis at 150 V for 30 min. FITC- {[(At12,expX.Y)/(At1/2,00sX,Y)] OF [(AKp,exp X Y)/(AKp obs X,Y)]
peptide/DR1 complexes were then visualized using a Fluo- = 1} indicates no cooperativity. Cooperativity is evidenced
rimager (Molecular Dynamics). Data was normalized and when the ratio of expected/observed is not equal to 1. Errors
expressed as the % of FITC-peptide/DR1 complex remaining were calculated using standard error propagation techniques
relative to the complex at = 0, and fit to a single- in which the relative error (error/value) of the final calcula-
exponential model ( = ae™). Each experiment was tion is the sum of all the relative errors involved in the
performed in triplicate, and the reported dissociation rate calculation.
reflects the meas: SD of two independent experiments.

Competitbe Peptide Binding AssayRelative binding RESULTS
affinities were determined by a competitive binding assay

essentially as describe@5). DR1 or 381 protein (4 nM) Sgbstitution StrategyThe bindipg of the influgenza HA
was incubated with 4 nM biotinylated HA peptide in PBS peptide to DR1 has been extensively characterized, and the

(0.1% BSA, 0.01% Tween 20, 0.1 mg/mL 4-(2-aminoethyl)- complex represents one of the first peptide/MHCII structures
benzene sulfony! fluoride 0.1 mM iodoacetamide, 5 mm 9enerated 33. We have recently shown that multiple

EDTA, 0.02% NaN, pH 7.2) in the presence of varying substitutions across the peptide binding groove at P2, P3,
amounts of inhibitor peptides for 3 days at 3C. The P7, and P10, representing solvent accessible residues that

incubation time ensures that the majority§5%) of DR1 do not |nt'er_act with the major hydrophobic pockets, can
protein participates in the peptide binding reaction to reach reduce affinity Of_ the peptide for DR1 over llOOO-foIHL_I. .
equilibrium ©5). Bound biotinylated peptide was detected Structural mo_dellng_ revealed that three of_ these substitutions
using a solid-phase immunoassay and'Habeled strepta- could potentially 'F“effere with formation Of. H-bonds
vidin. Plates were read using a Wallac VICTOR counter normally observed in the HA/DR1 structure (Figure 1, red
(PerkinElmer Wallac). Data was fit to a logistic equat{gn cwclg;). T.he P2 Ser and P3 ’A.‘Sp subst|.tut|on.s are Iogated at
= al[1 + (¥/x)"]} . ICso values were obtained from the curve posm.ons in t'he peptide/DR1 interface in which rotatp'n of
fit of the binding data and converted K values by using the side chain around _thecarbon can directly o_Iestablllze
the equatiorko = (ICs))/(1 + ([bHA]/Kppwa)), in which H-bor_1ds_ to the pe_ptlfje backbone. Alternat_n_/ely_, these
Koora Was set equal to 17.7 nM or 8.5 nM on the basis of Substitutions may indirectly lead to destabilization by
the results of the direct binding of bio-HA peptide to wtDR1 facilitating solvent entry into the binding groove. The P10
or 381, respectively (data not shown). Each point representsGly ;ub;ntuuon may also indirectly disrupt H-ponds by
the mean and SD of three independent experiments. Becausé“rlllo"‘"”g increased solvent access to the C-terminal end of
peptide/MHCII binding represents a multistep reaction, the the peptld_e binding groove in a manner similar to that
ICso for a competitive binding assay may not be directly observed in the HLA-DR4/Col II__structurdl). In_deed, use
proportional to thé<o (36). While this can be offset by long of a solvent that.helps destablhzg .H—bonds increased the
incubations relative to half-life, we study low affinity effect of substitutions at these positiorsl)
peptides where half-lives are impossible to determine. As previous work suggested that H-bonds disproportion-
Therefore, the values of affinity reported herein should be ately contribute to the stability of peptide/MHCII complexes
considered as apparekip values. (32, 42), we hypothesized that multiple disruptions to the
Calculation of Cooperaﬂe Effect We view Cooperativity H-bond network through these peptide side chain substitu-
in peptide/MHCII folding as the enhancement in binding or tions could lead to cooperative effects on complex stability.
dissociation that arises in a second (or subsequent) interactiodn addition to the P2, P3, and P10 substitutions in the HA
as a result of the primary interaction. This definition has been Peptide we included a substitution at positj¢8t of the DR1
used by others in the context of protein foldir&y) or ligand molecule. This substitution can disrupt a H-bond to the main
binding (38). We utilized a multiple substitution strategy chain carbonyl oxygen of the P() peptide residue (Figure
previously used to identify interacting partners during protein 1, violet circle) @2, 42. This experimental approach yielded
f0|d|ng (39, 40) To normalize thﬁl/z and Kb values of a 11 different Complexes with two or more substitutions.
given peptide/MHCII complex, we define the effect of each ~ Cooperatvity in Complex StabilityTo evaluate the effect
substitution as the ratio of the substituted measurement overof these substitutions on the kinetic stability of the peptide/
that of the wtDR1/HA value Aty; for stability or AKp for DR1 complex, dissociation rate data was obtained (Figure
affinity). Normalization of the measurements to that of the 2A). Thety, values for the various complexes are reported
wtDR1/HA complex also allows for comparison of cooper- in Table 1. While each individual substitution resulted in
ativity measures in stability, which is measured directly, and small to negligible effects on the dissociation ratel (4-
affinity, which is measured indirectly. fold), multiple substitutions had significantly larger effects
For calculating cooperativity, the effect of multiple (i.e. 7-fold for the81/P2,10 complex). This large increase
substitutions Atizons Xy) Or (AKpops XY) IS measured  in dissociation rate in the presence of multiple substitutions
directly. The expected valueAfizex) (AKpexy fOr a suggested a cooperative effect. To investigate this possibility,
combination of substitutions (i.ex andy) is calculated as  the effect of each singly substituted (P2, P3, P103&it)
the product of the individual substitutions [e&t1/,exp XY complex was calculated with respect to the stability of the
= (Atyz, X) x (Aty, y)]. For peptides with three or more  unsubstituted DR1/HA complex. If the contribution of each
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Ficure 1: Substitutions in the HLA-DR1/HA complex to analyze B
cooperative interactions between peptide and MHCII. The DR1 < 12 s Observed
molecule complexed to a fully substituted HA peptide is shown T I === Calculated
with H-bonds designated as white arrows. Bhehain is in yellow, x "0 .
the p-chain in blue, and the peptide in green. The peptide o
substitutions of solvent accessible side chains that are postulated g I
to directly or indirectly disrupt the H-bond network, P2, P3, and % 06 [
P10, are highlighted in red. The H-bond betwg&i His and the 2
carbonyl of P{1), which is disrupted by thg81 His to Asn § 04
substitution, is highlighted in violet. The substitution at P7 of Leu o
to Pro is highlighted orange. The P2 Val to Ser substitution would % B
affect H-bonds betweefi82 Asn and the P2 amide and carbonyl 0.0
groups. The P3 substitution, Lys to Asp, is postulated to destabilize ,8'1, Q.s P LI S8 ®
the H-bonds betweea9 Gin (partially hidden below the peptide) & & & ¢ ng@q' KRR\
ando62 Asn with the carbonyl of P4. The substitution at P10, Val A & O @ J
to Gly, is postulated to disrupt the H-bond betweg#sy Asp and C
the P10 amide as well as a postulated H-bond betwetsand )
the P10 carbonyl. The P2 and P3 substitutions can either disrupt
the H-bonds directly, by assuming a rotamer in which the side chain
can compete with the backbone for the MHCII side chain, or, in ‘E’
the case of P3 Asp, possibly bind to the peptide backbone itself. =
Disruption by the P10 substitution is postulated to arise from 8 1
increased solvation at the end of the groove, due to the loss of the &
methyl group. Solvent effects may also play a role in the P2 and 3
P3 substitutions. The P7 Leu to Pro substitution affects hydrophobic £
interactions at this minor pocket in the DR1 structud®, (44) :I: i W
decreasing the contact surface. As can be seen, all the H-bond 0 " ’
interactions except fon9 Gin arise from interactions with side 5 5 g

chains originating from the most exposed regions of the MHCII,
large sections of which are folded into helices in the crystal In t,,, (min)
structure. Coordinates taken from BEffwere modified using Swiss

PDB Viewer 62). The model was generated using PyMsgY Ficure 2: Cooperativity in peptide/MHCII dissociation. (A)

Dissociation rates of wild-type HLA-DR1 (DR1) #81 substituted
. . . . DR1 (581)/peptide complexes were measured as described in
substitution to complex stability was independent (i.e. N0 Materials and Methods. Data are expressed as the fraction FITC-
cooperativity), then the effect of multiple substitutions should peptide/MHCII complex remaining relative te= 0. Reactions were
equal the product of their individual effects on stability (see Performed in triplicate, and data series represent one of two

. d . independent experiments. The lines represent the fit of the data to
Materials and Methods). For example, the reduction in a single-exponential functioity, values are as reported in Table

complex stability by the P3 KD substitution was 1.4-fold, 1. (B) The observed ratio (black bars)tgf values for each peptide/
while the effect of thgg81 substitution was negligible (1.0). MHCII complex as compared to thg, of the DR1/HA complex

Therefore, the expected value for their combined effect is plotted alongside the calculatég, ratio (gray bars) for each

) complex assuming an independent effect of each substitution. Error
should be about 1.4-fold (1.4 1.0). In contrast, thg81/ bars were calculated by standard error propagation techniques. (C)

P3 K_'D dOUb|e SubStItUted Comp|eX resulted |n a 3'f0|d Natural |Og (|n) p|ot of Cooperativity (expectedlobser\@@) VS
reduction in complex stability (Figure 2B). The data suggest dissociation rate for each peptide/MHCII complex tested. Horizontal
tat conrbutions to binding energy from bath the pepide §1e S Lot o e e
and MHCII are Importar.]t in generating the flnal complex. standarF()j error propagation. The Iing indica%/es the fituof the dat:tgo
Furthermore, the magnitude of the cooperative effect in- 3 |inear regression.

creased exponentially as a function of complex stability.

Plotting the cooperativity values ang, for each multisub- Cooperatiity in Peptide Affinity Although the measure-
stituted complex on a In scale (Figure 2C) revealed a linear ment ofty, as described above provided a direct measure of
relationship with a negative slope-0.84), reflecting the the cooperativity in the dissociation rate of the multisubsti-
negative cooperativity we measure. Because of the poortuted complexes, it would also be informative to determine
binding properties of some of the multisubstituted complexes, if cooperative effects would be observed in the affinity of
dissociation rate data could only be obtained for 7 of the 11 the various complexes. Peptide affinity was measured using
possible complexes. an equilibrium-based competition-binding assay in which
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Ficure 3: Cooperativity in peptide affinity for MHCII. (A)
Competitive binding analysis of P2, P3, and P10 substituted HA
peptide variants to either DR1 @#81. Data represents the mean
and SD of three independent experiments. Lines indicate the fit of
the data to a logistic equatioKp values are as reported in Table
1. (B) Natural log (In) plot of cooperativity (expected/obser¥gs)

vs Kp for each peptide/MHCII complex tested. Error bars are as
described for Figure 2C. The line indicates the fit of the data to a
linear regression.
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Pro substitution at P7 to affect hydrophobic/van der Waals
interactions at this shallow pocket/shelf in the DR1 structure
(Figure 1) @3). Analysis of this substitution in a peptide/
DR1 structure 44) indicates that the contact surface is
decreased with the Pro at this position, as the Leu fits into
the shallow pocket under the-chain helix while the Pro
occupies the center of the groove. As shown in Figure 4A,
dissociation rate data was obtained for substituted DR1/HA
complexes which contained a Pro substitution at P7. The
ti» values for these complexes are reported in Table 1.
Cooperativity was calculated as described previously and
plotted against the observed stability of the complex on a In
scale. As shown in Figure 4B, we found that the overall
relationship of the cooperative effect to the dissociation rate
was very similar for those complexes with and without Pro
at P7, suggesting that substitution of a hydrophobic interac-
tion could also contribute to cooperative effects mediated
by direct or indirect H-bond disruption. The exponential rise
in the cooperative effect was maintained with a small change
in slope,—0.88 vs.—0.84 (Figure 2C).

To determine if the Pro substitution at P7 would exhibit
similar effects on cooperativity in affinity, we determined
the Kp of P7 substituted complexes (Figure 4C). Similar to
the result obtained by dissociation rate determination, we
found a high correlation between cooperativity dfslfor
those complexes that did and did not contain a Pro at P7
(Figure 4D) with a small change in the overall slope of the
relationship,—0.77 vs —0.75 (Figure 3B). It should be
pointed out that not all P7 Pro substituted peptides showed
cooperativity as there is a cluster of five points close to zero
(Figure 4D). These predominantly represent peptides with
the P7 Pro and one other substitution. Taken together, these
results strongly suggested that all sources of binding energy

each peptide was tested for its ability to compete againstavailable to the peptide and MHCII could be used to mediate

the HA peptide for binding to either wtDR1 0681
molecules. This enabled the examination of cooperative
effects in highly unstable multisubstituted complexes in
which dissociation rate data was difficult to obtain. The
competition data for all eleven multisubstituted complexes
is shown in Figure 3A, and thKp values are reported in
Table 1. To quantify cooperative effects on peptide affinity,
a calculation similar to that done previously with the

cooperative effects in peptide/MHCII interactions.

DISCUSSION

Despite evidence of conformational change during forma-
tion of peptide/MHCII complexes, most models of the
peptide/MHCII interaction assume that a few ligand/receptor
interactions (anchors/pockets) act independently of each other
to provide the majority of the binding energy. This has

dissociation rate data was performed. In this case, the effecttranslated into epitope recognition algorithms in which the

of each substitution was compared to thg of the
unsubstituted DR1/HA complex, and the calculated effect
of multiple substitutions was obtained. By plotting cooper-
ativity (expected/observed) against the obseipaf each
complex, we again observed an exponential relationship with

independent interaction of various allele-specific pockets with
corresponding peptide side chains are used to predict binding
(12, 13). We prefer to consider peptide binding to MHCII
and the conformational change implicit in the interaction as
a folding problem. To understand the impact of conforma-

cooperativity increasing as peptide affinity decreased (Figure tional change on the outcome of peptide/MHCI!I interactions,

3B). The relationships between cooperativity and eitker
or ty, were very similar (slope-0.75 vs—0.84 respectively),

we utilized a multiple substitution approach to evaluate
whether binding energy from both the peptide and MHCII

suggesting that the cooperative effects measured werecould cooperate in producing the final conformation. By

fundamental to the peptide/DR1 interaction and not due to
an artifact of the particular assay system used.
Contribution of a Hydrophobic Interaction to the Coop-
erative Effect A previous report had noted a possible
cooperative effect between hydrophobic pocket/anchor in-
teractions in MHCII 81). We asked whether substitution at
a position involved predominantly in a hydrophobic interac-
tion could contribute to the cooperative effect we observed
with substitutions that were predicted to impact the H-bond
network. To investigate this possibility, we used a Leu to

substituting side chains in either the HA peptide or DR1,
we show the presence of cooperative effects on complex
stability and affinity. Furthermore, cooperative effects could
be observed between substitutions which affect the H-bond
network and those which affect hydrophobic anchoring,
suggesting that both types of binding energy can mediate
the conformational change in peptide/MHCII, a result in
agreement with previous studies of peptide-induced confor-
mational changes in DR2Y). Finally, cooperative effects
between contributions to binding energy by both the peptide
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Ficure 4: Effect of hydrophobic interactions on peptide/MHCII cooperativity. (A) Dissociation rate of complexes containing-afP7 L
substitution from DR1 anf#81 molecules. Data is plotted as described in Figure 2A. (B) Natural log (In) plot of cooperativity vs dissociation
rate for HA peptides containing Leu at P7 (closed circles) or Pro at P7 (open circles). Error bars are as described in Figure 2C. The line
indicates the fit of the data to a linear regression. (C) Competitive-binding analysis of peptides containing-& Bulistitution. Data is

plotted as described in Figure 3A. (D) Natural log (In) plot of cooperativitiKygor peptides containing Leu at P7 (closed circles) or Pro

at P7 (open circles). Error bars are as described in Figure 2C. The line indicates the fit of the data to a linear regression.

and DR1 support the concept that peptide/MHCII binding between both peptide and MHCII help to stabilize the final
represents a concerted, bimolecular folding evédj. ( folded structure.

During the folding process, the peptide/MHCII interaction  Implicit in this model is the assumption that unfolding and
can be considered as transitioning between two states: arpeptide release proceeds in a similar manner. Indeed, this
open conformer from which peptide release is rapid, and the concept is supported by the cooperative effects observed in
closed conformer which represents the stable complex. Wethe dissociation rateti(,) of multisubstituted complexes. For
view the open state as a folding intermediate in which the certain multiple substitutions, thi€, of the complex was
a1/81 helical regions of the MHCII molecule remain partially ~extremely high, precluding direct measurement of the dis-
disordered. In this model, the cooperativity we observe can sociation rate. However, competition binding experiments
be visualized as a progressive folding of the partially allowed us to determine the extent to which these low affinity
unfolded and flexible helical regions onto the peptide, with peptides can compete with HA for binding to the DR1
each productive peptide/MHCII interaction influencing the molecule. We interpret this level of competition as repre-
next. Complete folding of the helices through interactions Sentative of a partial folding event which is highly coopera-
with the peptide during binding results in the stable, closed tive despite the lack of stable complex formation. High levels
conformer. Concomitant with the folding of the MHG1I1/ of cooperativity in the absence of stable complex formation
B1 helices is the folding of the peptide into a polyproline indicate the importance of the initial events in the folding
type Il conformation, which is conserved in all peptide/ Process.

MHCII structures studied to dat8)( Interestingly, many of The change from the partially disordered state to the final
the H-bonds that stabilize the binding and conformation of stable complex corresponds to the phase transition associated
the peptide originate from MHCII side chains that are in the with protein folding @6), which can be viewed as the sum
helices. Although formation of the H-bond network has been of a number of partially folded states approaching a critical
viewed in terms of stabilizing the peptide, it is likely to play point at which there is an all-or-none conformational change.
a similar role for thea1/61 helices. While Trp, His, and  The modifications we make bring the complex closer to the
Asn are infrequently observed inhelical regions in globular  transition point in an exponential manner as defined by the
proteins 45), in MHCII they are frequently found making  slope of cooperativity versug, or Kp. The exact significance
contributions to the H-bond network formed between the of the value obtained for the slope of the cooperativity is
peptide and theil/81 a helical domains. For examplg61 unclear. However, it may be related to the critical exponent
Trp is within ana helical segment, but by forming a H-bond  associated with continuous phase transitions. It is obvious
to the P8 peptide main chain carboxyl (Figure 1) the lecal from the data that cooperativity increases the farther the
helical conformation of theggl domain can be stabilized. complex is destabilized or at lower affinities. In a nucleation-
Through similar mechanisms, cooperative folding events based model, this would be expected, as the first few events
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in folding, or the last few in unfolding, would be the most
important.

We envisage that the structural changes that accompany
peptide binding to MHCII in the endosome will be similar
to those we have analyzed here. Nevertheless, our in vitro
system does not address other important facets of the antigen
presentation process in the endosome, such as the effect of

planar membrane geometry, the binding of the invariant chain 7.

(47), and the activity of the peptide exchange factor, HLA-
DM (2). Although the exact mechanism of the peptide
exchange reaction catalyzed by HLA-DM remains unclear,
kinetic studies suggest that it acts as a conformational catalyst
(48). Thus, one might expect to observe cooperative effects
on the peptide exchange reaction in the presence of HLA-
DM. Such experiments could be very interesting tests of the
folding hypothesis.

In all the experiments presented here, the primary hydro-

5.

Biochemistry, Vol. 44, No. 15, 2005623

O’Sullivan, D., Arrhenius, T., Sidney, J., del Guercio, M. F.,
Albertson, M., Wall, M., Oseroff, C., Southwood, S., Colon, S.
M., Gaeta, F. C., and Sette, A. (1991) On the interaction of
promiscuous antigenic peptides with different DR alleles. Iden-
tification of common structural motifs]. Immunol. 1472663—
2669.

6. Hammer, J., Takacs, B., and Sinigaglia, F. (1992) Identification

8.

10.

phobic anchor residues at P1, P4, P6, and P9 have been held

constant. It will be important to test whether the cooperativity
observed here for relatively solvent accessible residues will
extend to the interactions at these major pocket sites. In our

analysis, a substitution affecting a minor hydrophobic pocket 12.

interaction (P7) did show cooperativity. On this basis, we
would expect that cooperativity would be observed in the
major hydrophobic pocket/side chain interactions. Measure-

ment of cooperative effects at these positions could increase 13-

the power of pocket-based epitope prediction algorithms.

A cooperative model of peptide/MHCII interactions changes 14.

how we view epitope selection via the MHCII pathway. First,
in order to predict the outcome of epitope selection, we must
consider how all contributions to binding energy impact the
folding process. Second, all positions have to be considered.

Third, a change in one position must be considered in the 16.

context of any other substitutions. In lieu of empirical matrix-
based algorithmsl@), epitope prediction based on calculating

folding energies may provide for better vaccine design. Such 17.

approaches would also explain those instances in which
epitope presentation occurs in the absence of any definable
binding motifs or anchor/pocket interactior®-(10). Finally,
cooperativity may reveal novel mechanisms of pathogen
escape49) at the level of MHCII binding, and help explain
those instances of aberrant epitope presentation in the context
of autoimmune diseas&().
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