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ABSTRACT. HLA-DQ?2 predisposes an individual to celiac sprue by presenting peptides from dietary gluten
to intestinal CD4 T cells. A selectively deamidated multivalent peptide from gluten (LQLQPF-
PQPELPYPQPELPYPQPELPYPQPQPF; underlined residues correspond to posttranslatien&d Q
alterations) is a potent trigger of DQ2 restricted T cell proliferation. Here we report equilibrium and
kinetic measurements of interactions between DQ2 and (i) this highly immunogenic multivalent peptide,
(i) its individual constituent epitopes, (iii) its nondeamidated precursor, and (iv) a reference high-affinity
ligand of HLA-DQ?2 that is not recognized by gluten-responsive T cells from celiac sprue patients. The
deamidated 33-mer peptide efficiently exchanges with a preloaded peptide in the DQ2 ligand-binding
groove at pH 5.5 as well as pH 7.3, suggesting that the peptide can be presented to T cells comparably
well through the endocytic pathway or via direct loading onto extracellular HLA-DQZ2. In contrast, the
monovalent peptides, and the nondeamidated precursor, as well as the tight-binding reference peptide
show a much poorer ability to exchange with a preloaded peptide in the DQ2 binding pocket, especially
at pH 7.3, suggesting that endocytosis of these peptides is a prerequisite for T cell presentation. At pH
5.5 and 7.3, dissociation of the deamidated 33-mer peptide from DQ?2 is much slower than dissociation
of its constituent monovalent epitopes or the nondeamidated precursor but faster than dissociation of the
reference high-affinity peptide. Oligomeric states involving multiple copies of the DQ2 heterodimer bound
to a single copy of the multivalent 33-mer peptide are not observed. Together, these results suggest that
the remarkable antigenicity of the 33-mer gluten peptide is primarily due to its unusually efficient ability

to displace existing ligands in the HLA-DQ2 binding pocket, rather than an extremely low rate of
dissociation.

Celiac sprue (also known as celiac disease or gluten-residue(s) by transglutaminase 2 (TG2) mediated modifica-
sensitive enteropathy) is an immune disease of the smalltions ). The binding of these antigenic peptides to DQ2 or
intestine caused by the ingestion of gluten proteins from DQ8, followed by their presentation to CDJ cells, plays
common dietary ingredients such as wheat, rye, and barleya key role in disease development.

(). The disease has a strong HLAssociation; a majority Within the past few years, a number of T cell epitopes
(>90%) of patients possess the DQAIA1*05/DQB1*03 have been identified from gliadin and, to a lesser extent,
allele with DQ8 DQA1*03/DQB1*0302 being the most  glutenin proteins in wheat glute@{6). Antigen presenting
common allele in the remaining patien®.(CD4" T cells  cells (APCs) in the gut encounter these epitopes in the
isolated from the small intestine of celiac sprue patients, but context of relatively stable products of peptic and pancreatic
not of controls, recognize gluten peptides in which selected protease digestion in the upper small intestine. For example,
glutamine residue(s) have been deamidated into glutamic acida Pro- and Gin-rich 33-mer peptide (LQLQPFPQPQLP-
YPQPQLPYPQPQLPYPQPQPF) from gliadin is particu-
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human leukocyte antigen; .HPSEC, high-performance .3ize exclusion of T cell proliferation from small intestinal blopsy Samples
chromatography; APC, antigen presenting cells; deamidated 33-mer,of all celiac sprue patients tested thus far. Indeed, the

LQLQPFPQPELPYPQPELPYPQPELPYPQPQPF; Bed;butyloxy- ; _ }
carbonyl; HBTU, 2-(H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium deamidated 33-mer, LQLQPFPQPELPYPQPELPYPQPELP

hexafluorophosphate; PAM, phenylacetamidomethyl; PBS, phosphate- Y PQPQPF (GIn—~ Glu changes underlined), has a substan-
buffered saline. tially higher binding affinity to DQ2 (IG, ~ 0.3 uM) than
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any of the three individual minimal epitopes PFPQPELPY,
PQPELPYPQ, and PYPQPELPY contained in it{J& 4
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Peptide stock solutions in 10 mM PBS with 0.02% sodium
azide were stored in aliquots atf@. The quality of the stock

uM) (10). The TG2-treated 33-mer binds to HLA-DQ2 with  solutions was checked periodically by analytical reverse-
a higher pH optimum than other high-affinity DQ2 binders phase HPLC. The concentrations of fluorescein-labeled
and can be presented to T cells by live as well as peptide stock solutions were determined by a -tiNs
glutaraldehyde-fixed cells, suggesting that endosomal as wellspectrometer at 495 nm using the absorption coefficient factor
as extracellular loading of HLA-DQ2 by this peptide is 80200 cmi* M~ provided by the manufacturer of 5- (and
feasible {0). Therefore, understanding the mechanistic basis 6-) carboxyfluorescein succinimidyl ester.
for binding of the 33-mer to HLA-DQ2 could provide Peptide Exchange Assalfor peptide exchange experi-
fundamentally new insights into celiac sprue pathogenesis.ments, the DQ2 heterodimer with covalently linked
From a practical perspective, such insights could be translatedpeptide was pretreated with thrombin [40:1 (w/w)] fel h
into the development of pharmacological agents to block on ice. The resulting protein was incubated with fluoresce-
gluten-mediated enteropathy in celiac sprue patients. inated peptides at the indicated concentrations in a 1:1

Here we have followed earlier precedents for investigating mixture of PBS buffer (10 mM P150 mM NacCl, pH 7.3,
HLA —ligand interactions by utilizing the recombinant DQ2 supplemented with 0.02% NaNand Mcllvaine’s citrate-
heterodimer, synthetic fluorescent peptide ligands, and high-phosphate buffer with defined pH values at 7. In this
performance size exclusion chromatograpiy—13) to citrate-phosphate buffer system, the final composition of
explore the differences between the binding of the 33-mer the pH 5.5 buffer is 24 mM citrate, 55 mM,Rnd 75 mM
peptide and representative monovalent peptides. Our findingsNaCl, whereas the pH 7.3 buffer is composed of 6.5 mM
highlight the fundamental differences between this gluten- citrate, 90 mM R and 75 mM NaCl. Peptide binding was
derived peptide and other high-affinity ligands of HLA-DQ2. measured by HPSEC. Aliquots of 20 were injected onto

a TSK-gel G3000SWxI size exclusion column or BioSep

EXPERIMENTAL PROCEDURES 3000 size exclusion column and eluted with the above-

DQ2 Expression and Purificationfhe soluble extracel- mentioned PBS buffer at 1 mL/min. The DQReptide
lular domains of the DQ2. andp chains were coexpressed complex elutes at 8.5 min, with free peptides emergi®y
in High Five cells using a pAcAB3 baculovirus expression min later. The fluorescence signal was recorded using an
system and were affinity-purified using the anti-DQ2 mAb in-line Shimadzu RA35 fluorescent detector with excitation
2.12.E11 14). The sequence QLQPFPQPELPY was fused wavelength set at 495 nm and emission detection set at 520
to the N-terminus of the DQZ chain by a 15-residue linker ~ nm. The signal was converted into concentration of bound
(GAGSLVPRGSGGGGS), which includes a thrombin site fluoresceinated peptide by comparing the peak area with
(15). A complementary Fos/Jun leucine zipper pair was those of peptide standards. The quantum yields of the free
engineered at the C-terminal ends af and S chains, and bound peptides were comparable, as judged from peak
respectively, with intervening factor Xa proteolysis sites, to area quantification.
increase the heterodimer stability during protein expression, Peptide Dissociation Assalfor dissociation experiments,
analogous to earlier designs by Teyton and co-workes (  DQZ2—fluoresceinated peptide complexes were prepared by
and Wucherpfennig and co-workerk7j. incubating thrombin-treated DQ2<% xM) with 10—20uM

The concentration of HLA-DQ2 was determined by a fluoresceinated peptides at pH 5.5 for 25 h. Previous
UV —vis spectrometer at 280 nm using the absorption experiments with HLA-DR4 showed that peptide concentra-
coefficient factor 75 700 cmt M~ as calculated from the  tion in the range of 16100uM does not affect dissociation
contents of tyrosine, tryptophan, and cystine in the DQ2 kinetics (L9). The buffer composition was a 1:1 mixture of
sequencel®). DQ2 protein with covalently linked! peptide 10 mM PBS buffer and pH 5.1 or 7.3 Mcllvaine’s citrate
occupying the binding groove was first treated wit2% phosphate buffer2Q), with the final pH measured to be 5.5
(w/w) thrombin in pH 7.3 PBS at €C for 1 h before binding  or 7.3. The reaction mixture was then cooled t6Cland
experiments. stored at 4°C until use. Under these conditions we also

Peptide Synthesis, Labeling, and Purificatiddl. peptides investigated the effect of competing unlabeled peptide on
used in this study were synthesized using Boc/HBTU DQ2 dissociation kinetics. For example, in the presence of
chemistry starting fronlN-a-t-Boc4.-aminoacylphenylaceta-  a 10-fold excess of unlabeled 33-mer (a high-affinity ligand),
midomethyl (PAM) resin. Peptides were labeled at their the dissociation constant of the fluorescent 33-mer was
N-termini while still attached to the resin with a 2.5-fold comparable and so was its biphasic dissociation behavior.
molar excess of 5- (and 6-) carboxyfluorescein succinimidyl Thus, it appears that the on-rates of the peptides explored in
ester and 10@L of diisopropylethylamine as the catalystin this study are slow enough so as to not influence corre-
dimethylformamide as the solvent. Following cleavage of sponding off-rate measurements.
the peptidyl resin in trifluoroacetic acid/trifluoromethane- Excess free peptide was separated from the complex with
sulfonic acid/thioanisole [TFA/TFMSA/thioanisole, 10:1:1 a small-scale Bio-Rad spin column on ice. Spin columns
(v/vIv)] for 4 h, the crude peptides were precipitated in cold were packed with Sephadex G-50 superfine medium and
ether and dissolved in 1:1 (v/v) acetonitrile/water. The blocked with 1% BSA solution to minimize the binding of
peptides were purified by reverse-phase HPLC on a semi-DQ2 to the column. Spin columns were then washed with
preparative C18 column using a watercetonitrile gradient ~ pH 7.3 PBS buffer and stored at’€ until use. The DQ2
in 0.1% (v/iv) TFA. The identity of the peptides was fluoresceinated peptide complex was eluted from the column
confirmed by electrospray mass spectrometry and analyticalwith a final volume of about 23@L. The residual amount
reverse-phase HPLC. The peptides were lyophilized and of coeluted free peptide was typically less than 10% of the
stored at—20 °C before use. DQ2—fluoresceinated peptide complex. The solution was
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LQLQPFPQPELPYPQPELPYPQPELPYPQPQPF Scheme 1. Two Possible Mechanisms of the Peptide
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peptide:DQ2 ratio of10 (Figure 3). Furthermore, even with
FicUre 1: The deamidated 33-mer gluten peptide and its constituent & large excess of a high-affinity peptide (e.g., 33-mer:DQ2
epitopes. The peptideyf gliadin 56-88) contains six overlapping = 30), at most 20% of the DQ2 protein remains bound by
copies of three DQ2 restricted T cell epitopes. fluorescent peptide after 5 days, suggesting that the deactiva-
tion step is favorable because€30% of DQ2 fails to bind to

the fluorescent peptide (data not shown). This suggests that
the mechanism of peptide exchange most likely follows a
multistep model (model A in Scheme 1) instead of a
concerted one-step peptide displacement model (model B in
Scheme 1), since a one-step mechanism would pre@ao

of peptide exchange at equilibrium in the context of a large
excess of fluorescent peptides (Scheme 1). Most studies with
MHC proteins support a multistep model for ligand exchange
(11) although examples of direct displacement through a two-

then divided into two 11%L aliquots in nonbinding tubes,
where pH values were adjusted to pH 5.5 or 7.3.

Dissociation experiments were started by incubating the
DQ2—fluoresceinated peptide complex at 3Z. The dis-
sociation kinetics was followed by injecting 405 ulL
aliquots into the HPSEC column at different time points.
The amount of remaining DQZluoresceinated peptide
complex was quantified by measuring the fluorescence peak
associated with DQ2.

RESULTS peptide intermediate have been reportd@).( The low
occupancy of exogenous strong-binding peptides even under
Preparation and Analysis of Thrombin-TreatettDQ2. excess peptide conditions indicates that the DQ2 deactivation

To generate recombinant DQ2 that is suitable for biochemical step (reaction 3 in model A, Scheme 1) is favorable and may
studies, we first tested the thrombin cleavage efficiency at reflect DQ2 aggregation.

the VPRG sequence in the engineered linker between the Deamidated 33-mer Gluten Peptide Is Highly Effeetat

antigenical peptide and the DQ® chain. Purified recom- Exchanai : : .
. . 3 ) ging with Preloaded DQ?2 Ligands, Especially at pH
g”:gnzg:"?(%z v;a; én?fo%?;e?emthéf;ﬁj E;V)/Wgrtrg%m%? gt 7.1t has been estimated that, at pH 4.9, the deamidated 33-
min, 30 min 1 h, and 2 h Rea?:tions wére guenched with gl_enggljalthSgPpFe)p;lde (Ilg)‘fQPOFg%;)ELZYPQPIﬁLTYPQP'
' ST o ; , E as an ~0.3uM, substantially lower
protease inhibitor cocktail and stored at@ until analysis than the 1Go of LQPFPQPELPY (4M) and that of the
by SDS-PAGE. Complete cleavage was observed after 30 nondeamidated 33-mer gluten peptide (LOLQPFPQP-
min on ice (Figure 2A). LC-MS analysis revealed a new peak
(MW 2610 Da), corresponding to the molecular weight of QeLPtiE:%i(I?AIf\ZZSEi?:LEZanPe(gTg)cc()%%(t{noihggzz
theal peptide plus residual linker RDSGQLQPFPQPELPYG- PEP!! VAV » designed to contor
AGSLVPR (Figure 2B). bl?dmg mlgtle,2 :s usdedWas the tlgk(;t-tr)]mdmg .cr;on-gltrjlten
- . : reference igand. We compared the peptide exchange
To assess the feasibility of preparing DQ2 heterodimers kinetics of fluorescein-conjugated forms of LQPFPQPELPY,

bound to alternative ligands, we estimated the rate of the deamidated 33-mer peptide, and the reference peptide at
dissociation ofxl peptide from the DQ2 heterodimer binding neutral as well as acidic pH values (Figure 4). At pH 7.3

groove at 0 and 28C. The endogenous (unlabeled) ligand . ) ;
was replaced with fluoresceinated LQPFPQPELPY, and theghoeggﬁgl:négﬁ?ggn?i}:ngg Op?rﬂtr:d;t C:S;ﬂ?)(t:i(eji ié:{zeorftrtztei}oﬁn-
fluorescent peptideDQ2 complex was separated on a gel of 11 uM and a DQ2 concentration of 0.7a. In contrast,

filtration column. Loss of fluorescence from the resulting 0 :

al—DQ2 complex was monitored by HPSEC (see Experi- oply 1% of the endogenous ligand bound to DQ2 was

mental Procedures for details). Dissociation of the quorescentd'SpIaCed _by_ quo_r esceinated LQPFPQPELPY at the same

peptide from DQ2 was extremely slow a@ and did not pH on a similar time scale. More rgmarkably, the steady-

occur to a significant extent over 10 min even af@5These  State occupancy of DQ2 by fluoresceinated AAIAAVKEEAF

results suggested that negligible dissociation would occur Was also relatively low under comparable conditions, even
though the 16, value of this peptide is estimated to be lower

in the course of preparing reagents for subsequent assay : :
(~25 min on ice) or during HPSEC analysisq min at room than that of the deamidated 33-mer peptide (E. Bergseng,

temperature). Also, in the course of thrombin treatment at 0 Unpublished observation).
°C for 1 h,>95% of the endogenous (unlabeled) ligand still  Like most other MHC class Il ligands studied thus far,
remains bound, yielding a homogeneous system. binding of both theal peptide LQPFPQPELPY and the
Peptide Exchange Calibration Studiéssing the thrombin- reference AAIAAVKEEAF peptide to DQ2 improved at pH
treated DQ2 heterodimer, we investigated the kinetics of 5.5 as compared to pH 7.3 (Figure 3). In sharp contrast, the
peptide exchange. For this, a fixed amount of DQ2 and exchange characteristics of the deamidated 33-mer were
varying amounts of incoming peptides were used. The initial similar at both pH values. Together, these findings suggest
rate of the peptide exchange reaction showed saturation at @hat the multivalent peptide associates with the DQ2 ligand-
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Ficure 2: (A) SDS gel of thrombin cleavage reaction: lane 1, protein molecular marker; lane 2, uncleaved DQ21&nek8vage

reaction 5 min after mixing of thrombin and DQ2 on ice, after 30 min on ice, and Afteonice, respectively; lane 6, cleavage for 2 h

at room temperature. The band slightly above 26.6 kDa in the uncleaved DQ2 sample (lane 1) represents the major impurity from the
protein purification. Following thrombin cleavage, this band migrates between 26.6 and 20.0 kDa int&hg8@Total ion counts of
uncleaved DQ2 HPLC trace (left) and thrombin-cleaved DQ2 HPLC trace (right) vs retention time. In the left panel, the uncleaved DQ2
B chain (retention time 18.6 min, molecular mass 34 815 Da) predominates, whereas in the right panel, the cleg¥etidQ@etention

time 18.6 min, molecular mass 32219 Da) predominates. A trace amount of mass 34 833 Da, corresponding to the frelieaveid

observed in the right panel. A new peak appears in the cleaved DQ2 trace with a retention time of 17.7 min and a molecular mass of 2610
Da; this corresponds to the cleaved peptide.

binding site via a different strategy as compared to the two Under steady-state conditions, the percentage of the monova-
monovalent peptides. Moreover, the difference between thesdent peptide LQPFPQPELPY was considerably lower, both
binding strategies is inadequately reflected ingl@alues, under acidic conditions (15%) and especially under neutral
which were measured at pH 5.5 and reflect only the conditions (2% after 10 h and decreasing rapidly thereafter).
dissociation behavior of peptide from the ligand-binding Preliminary studies suggest that a slightly longer peptide
groove of DQ2. (PQPELPYPQPELPY) does not show a 33-mer peptide-like
In ligand exchange experiments using a limited amount capacity for efficient ligand exchange, whereas even longer
of peptide and a large excess of DQ2 protein (22-fold in analogues (PQPELPYPQPELPYPQPELPY and PFPQP-
excess), the deamidated 33-mer gluten peptide retains itsSELPYPQPELPYPQPELPYPQPQP) resemble the 33-mer
exceptional capacity for ligand exchange, especially at pH peptide with respect to ligand exchange (data not shown).
7.3. As shown in Figure 5, the deamidated 33-mer peptide To test the hypothesis that the multivalent 33-mer gluten
and the reference peptide AAIAAVKEEAF have similar peptide is more effectively loaded onto DQ2 due to its ability
ligand exchange efficiency at pH 5.5; however, 30% of the to coordinate multiple copies of the DQ2 heterodimer, we
deamidated 33-mer peptide was bound to DQ2 at pH 7.3 assearched for multimeric DQ2 peaks by HPSEC. Within the
compared to only 14% in the case of AAIAAVKEEAF. limits of detection, no fluorescent or UV absorbing peaks
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3.5+ behavior was observed for most other peptides at pH 5.5
and 7.3. The weighted preexponential factors of both phases,
as well as the calculated dissociation rate constants, are
reported in Table 1. The observation that the full-length
peptide LQPFPQPELPY binds stronger than the miniodal
epitope PFPQPELPY is consistent with the previous obser-
vation that P, and P, amino acids are involved in peptige
DQ2 binding @1). Also, in our present study, the contribu-
tion, if any, of the N-terminal fluorescein moiety to DQ2
binding has not been assessed.

Two features are noteworthy regarding the fluoresceinated
deamidated 33-mer peptide. First, a relatively small popula-
tion (23—27%) of this peptide dissociates during the fast
phase, especially at pH 7.3 (i.e., the pH corresponding to
the extracellular milieu of an antigen presenting cell). Second,
the dissociation constant corresponding to the slow phase is
significantly smaller than the corresponding parameter for
FIGURE 3: Initial rates of fluorescent! gliadin epitope to DQ2 at  €ach of the monovalent gluten peptides. For example, at pH
various peptide:DQ2 concentration ratios at87 Reaction initial 7.3, the slow off-rate of LQPFPQPELPY is 6.5-fold faster
rates were converted to concentration of peptide-bound DQ2 by than the deamidated 33-mer peptide. As a result of both of
comparing to a fluorescentd peptide standard solution. An  hege features, the average half-life of the deamidated 33-
exponential curve was fit to the data. The best fit equatiotiis . . .

3.5[1 — exp(0.2%). mer peptide on DQ2 is considerably longer than any of the
constituent epitopes, an important feature of highly im-

munogenic peptide2p). Our measurements demonstrate that

previously reported 16, values, although less detailed or
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specific, correlate well with the dissociation half-life of the
peptide-DQ2 complexes (i.e., the lower thed@ralue, the
longer the dissociation half-life, indicative of a tighter binding
ligand) (L0). Since the dissociation of fluoresceinated AA-
IAAVKEEAF from DQ2 was not significant even after 7
days, accurate dissociation kinetics could not be measured
for this peptide.

Comparing the Deamidated 33-mes Its Nondeamidated
Precursor. The observation that the deamidated 33-mer
dissociates considerably slower than any of the monovalent
peptides is consistent with the hypothesis that the deamidated
33-mer peptide possesses a secondary binding site on HLA-
DQ2. As a first step toward interrogating the molecular

FIGURE 4: Exchange reactions of the deamidated 33-mer peptide recognition features at this secondary binding site, the ligand
(d%nt?]tg?i aﬁt%?r;gﬂiﬁf),r gf‘fr g'liggineegggps A(Iﬂ]\(/)ESE?IFIZEe?éted exchange and dissociation kinetics of its nondeamidated
an - ;
as AAI pe%tide) binging to DQ2 ﬁnzer conditions of excess peptide precursor, fluoresceiiQLQPFPQPQLPYPQPQLPYP-
(peptide:DQ2 ratio> 12). All incubations were performed at 37 QPQLPYPQPQPF’ We“'_:' measu_red at pH 5.5 and 7.3. The
°C and either pH 5.5 or pH 7.3. Fluorescent signals corresponding Nondeamidated 33-mer is selectively transformed by trans-
to the DQ2 protein were compared to a fluorescent peptide standardglutaminase 2 into the high-affinity DQ2 ligand characterized
and then normaized by the Goncentiation of DQ3 1o obtam the 2_0Ve: AS might be expected on the basis of the well
an . . . . .
fraction of the fluoresc>e/nt peptiedQ2 complex in total DQ2 established Importance of G.Iu residues in DQZ. epitopes (
population. 22), the nondeamidated peptide showed a considerably lower
affinity for DQ2, as judged by both exchange and dissocia-
were observed in the molecular mass range & kDa (data tion assays. Under excess DQ2 conditions, only 5% of total
not shown). peptide bound to DQ2 at either pH 5.5 or pH 7.3 (data not
Comparatie Analysis of Dissociation of the Deamidated shown), whereas the half-life of the peptie®®Q2 complex
33-mer Gluten Peptide and Its Constituent Epitopes from was 7-fold shorter than its deamidated counterpart at pH 7.3
the DQ2 Binding PockeKinetic analysis of the dissociation (Table 1). The pH dependence of dissociation of the two
of fluoresceinated LQPFPQPELPY from the binding groove 33-mer peptides was strikingly different. At pH 5.5 the
of DQ2 revealed biphasic dissociation behavior at°87 complex between DQ2 and the nondeamidated peptide is
(Figure 6). The fast phase has a short half-life~x& h and extremely unstable (half-life o<30 min), whereas the
comprises about one-third of the total peptid2Q2 popula- deamidated peptide binds stably to the DQ2 under identical
tion, whereas the slow phase has a much longer half-life of conditions. Destabilization of the complex between DQ2 and
about 20 h and leads to dissociation of the remaining two- the nondeamidated peptide can also be achieved at pH 7.3
thirds of the bound peptide. Overall, 50% of the peptide by increasing the citrate concentration in the buffer (Table
dissociated from DQ?2 ir-4 h. Similar biphasic dissociation 1), suggesting a possible involvement of the divalent metal
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Ficure 5: Exchange reaction with (A) the deamidated 33-mer gluten peptide (33-mer), (B) the reference peptide AAIAAVKEEAF (AAl),
and (C) the LQPFPQPELPY) peptide @ LQP). These experiments were performed under conditionsidfl Q2 solution and 0.27
+ 0.03uM fluorescent peptides at 3T and at either pH 5.5 or pH 7.3. Open circles and squ&ean) represent data from pH 7.3,

whereas closed circles and squares represent data from pH 5.5; circles or squares show data from two independent sets of experiments; the

lines correspond to exponential fits of the data, except in the case of LQPFPQPELPY (C) at pH 7.3.
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FicurRe 6: Representative kinetic curve for dissociation of the
fluorescentl gliadin peptide from DQ2 at pH 5.97, upper line)
and pH 7.3 {, lower line). Double exponential decay equations
were fit to the data.

ions in the architecture of the secondary binding site on HLA-
DQ2.

DISCUSSION

Table 1: Dissociation Kinetic Parameters of Triply Deamidated
33-mer, Monovalent Peptides, and the Reference Strong Binding
Peptide AAIAAVKEEAR

Tsows  As ke As ks
peptide pH (min)® (%) @min™) (%)¢ (min™)
deamidated 55 4500 27 0.018 73 x20+

33-mer 7.3 5000 23 6.810°% 77 8.7x 10°®
55 3000 23 0.01 77 1.% 104
nondeamidated 5.5 27 82 0.04 18 430
33-mer 7.3 710 42 3.810°% 58 3.2x 10
7.3 44 68 0.054 32 6.% 10
al 55 560 27 0.012 73 6.% 10
7.3 230 68 5.4 10°% 32 5.7x 104
minimal al 55 90 31 0.028 69 3.5 103
7.3 70 73 0.013 27 2.8 1073
minimal al 55 880 24 0.015 76 & 10
7.3 900 74 1.0<10°% 26 2x 104
minimal alll 55 130 54 7.4x 103 46 2.3x 1073
7.3 80 88 0.01 12 1.& 103
reference 5.5 >7000 <1x 107°
7.3 >7000 <1x 107°

2 The dissociation kinetics were fit into the exponential double decay
function: Y = Ar exp(—kx) + As exp(—k) using Kaleidagraph 3.5.
b Tsouis defined as the apparent first half-life when 50% of the overall
fluorescent DQ2 signal has disappeared; kes, Tso, andyY = 0.5(A¢
+ Ag). ¢ As (%) is defined as the proportion of the fast phase in the
total population of the peptideDQ2 complex.As (%) = Ad(A:r + A
x 100.9Aq (%) is defined as the proportion of the fast phase in the
total population of the peptideDQ2 complexAs (%) = AJ(Ar + As)
x 100.®Measured at pH 5.5 with 20M unlabeled deamidated 33-
mer added! Measured at pH 7.3 with [citrate} 13 mM and [ =
170 mM; unless unspecified, reactions were conducted at pH 5.5 with
[citrate] = 24 mM and [} = 55 mM or at pH 7.3 with [citrate} 6.5

The interaction between selected Pro-rich gluten peptidesmM and [R] = 90 mM.

and HLA-DQ?2 is of critical importance in the pathogenesis
of celiac sprue, an inheritable lifelong disease of the small
intestine. Here we have developed a D&gptide binding

the integrity of the DQ2 peptide complex at low temperature
but also provides a large proportion of receptive DQ2

assay using preloaded DQ2 and high-performance sizemolecules at 37°C. Thus, in an exchange experiment
exclusion chromatography to monitor the peptide exchangeinvolving excess peptide; 10% of the receptor could bind
and dissociation kinetics of a reference tight-binding peptide to an incoming ligand (Figure 4), whereas under excess DQ2

AAIAAVKEEAF as well as several physiologically relevant
gluten peptides.

As with some other class Il MHC heterodimers, to
maximize peptide occupancy, the DQ# heterodimer must

conditions, as much as 65% of a strong-binding peptide was
bound to DQ2 (Figure 5).

The 33-mer peptide frono, gliadin, LQLQPFPQP-
QLPYPQPQLPYPQPQLPYPQPQPF, is emblematic of the

be kept in a receptive (bound) state before exchange reactiongroblem with dietary gluten in celiac sprue patients (n

are initiated 23). Our preloaded DQ2al protein proved to

contrast to peptides derived from other dietary protein

be an appropriate system for such measurements. Thesources, this peptide is highly resistant to pancreatic and
temperature-dependent dissociation kinetics of the preloadedntestinal surface proteolysis, allowing it to persist for

ol gliadin peptide from the DQ2 groove not only secures

substantially longer durations in the mammalian small
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intestine. It is an excellent substrate for human transglutami- observations for murine MHC class Il KEvhere elongating
nase 2 (TG2), an extracellular enzyme expressed in smalla peptide ligand also increased the binding ability to MHC
intestinal tissue that is also the primary target of the celiac class Il protein 83). Second, in contrast to monovalent gluten
autoantibody response. TG2 deamidates selected GIn resipeptides, the 33-mer peptid®Q2 complex is comparably
dues, thereby unmasking epitopes such asodhexll, and stable under acidic and neutral pH conditions. The much
olll gliadin epitopes (Figure 1). The resulting mixtures of slower dissociation kinetics under neutral pH conditions
deamidated peptides are potent triggers of disease-specifipresumably ensures accumulation of peptib€®2 com-
CD4 T cells derived from intestinal biopsies of all celiac plexes on the surface of antigen presenting cells, facilitating
sprue patients tested thus far. stimulation of T cells to a larger extent.

An example of a deamidated peptide, LOLQPFPQP-  Comparison of the dissociation kinetics of the deamidated
ELPYPQPELPYPQPELPYPQPQPF, harbors the deamidated33-mer and its nondeamidated precursor provides some
al, all, and alll gliadin epitopes (Figure 1) and is highly  insights into the secondary binding site for this long peptide
effective at triggering T cell proliferation in an HLA-DQ2  on HLA-DQ2. Consistent with earlier structural and biologi-
restricted fashion1(0). Moreover, the deamidated 33-mer cal evidence highlighting the importance of a Gtn Glu
peptide binds to cell-surface DQ2 with considerably greater ajteration in a DQ2 epitope9d( 22), the nondeamidated
avidity than any of its constituent monovalent epitopes. Here peptide has lower affinity for HLA-DQ2 as judged by both
we have investigated the mechanistic logic for this remark- exchange and dissociation assays. While alternative hypoth-
able and physiologically crucial molecular recognition event. eses cannot be ruled out, this reduction in affinity is
Our studies have revealed that the deamidated 33-mer peptid@onsistent with the existence of the secondary binding site
distinguishes itself from other ligands, including the tight- on DQ2. Surprisingly, the nondeamidated 33-mer peptide
binding reference peptide, AAIAAVKEEAF, in several showed a 26-fold increase in dissociation rate when the pH
important ways that presumably contribute to its exceptional was reduced from 7.3 to 5.5. This pH-dependent destabiliza-
iImmunogenicity. tion could also be mimicked by doubling the citrate

Ordinarily, antigens are presented to T cells by class Il concentration from 6.5 to 13 mM at pH 7.3. We therefore
MHC proteins via a pathway involving endocytosis of the speculate a possible role for a divalent metal ion in stabilizing
extracellular antigen, proteolytic processing in the lysosome, the secondary binding site. Citrate anions chelate divalent
antigen loading into the MHC binding groove, and export metal ions, which could play a role in fashioning a motif on
of the peptide-MHC complex onto the surface of the antigen the DQ2 surface for peptide binding. For example, a
presenting cell Z4). In an attempt to mimic the vacuolar carboxylate cluster is observed in the crystal structure of
environment of the cell, some of our assays were performed DQ2, comprising Glu 85, Glu 88, Asp 110, and Asp 142 on
under acidic conditions (pH 5.5). It has also been suggestedihe DQ2a chain. Divalent metal ions such as®ar Mgt
that MHC class Il heterodimers can directly bind to T cell could coordinate into this anionic cave and may give rise to
antigens on the surface of antigen presenting c28 (To additional coordination sites for backbone oxygen atoms at
mimic this mechanism of antigen presentation, we also the C-terminus of the incoming peptide. Consistent with the
performed assays under neutral pH conditions (pH 7.3). Our prediction that shorter peptides would lack the ability to bind
equilibrium and kinetic analysis supports the proposal that to this secondary binding site, the citrate effect is not
T cell presentation of the deamidated 33-mer peptide by DQ2 observed for any of the monovalent peptides. Why the citrate
can occur with comparable efficiency via the endocytic or effect does not affect binding of the deamidated 33-mer
extracellular binding pathway. The efficiency of peptide peptide is unclear at present. It could either be due to the
loading is especially striking at pH 7.3, when compared to dominance of the primary binding site in the overall
monovalent epitopes or even a tight-binding reference peptidejnteraction between this peptide and DQ2 or it could reflect
whose ability to exchange preloaded ligands in the DQ2 the possibility that a secondary Glu residue in the deamidated

binding pocket drops significantly under neutral pH condi- 33-mer enhances the metal binding affinity of the secondary
tions (Figures 4 and 5). binding site.

Comparative kinetic analysis of dissociation of the dea- g deamidated 33-mer gluten peptide also appears to
midated 33-mer gluten peptide and other peptides (Table 1) jize 4 different strategy for DQ2-mediated presentation
has also highlighted its unusual properties. In all casesj, comparison to typical high-affinity MHC antigens, as
biphasic dissociation kinetic behavior was observed, a exemplified here by the peptide AAIAAVKEEAF. AA-
phenomenon that has been well documented in the literature, s Avyk EEAF maintains good binding ability mainly due to

for other MHC class Il proteins26-32). It is generally 5 exremely slow dissociation from the DQ2 binding site.
accepted that such biphasic behavior is due to two d'ﬁeremPhysioIogically, once such a peptide binds to HLA-DQ2, it

isomeric forms of DQ2-peptide complexes26—32). The presumably never falls off. In contrast, the deamidated 33-
deamidated 33-mer gluten peptide is different in its DQ2 ., gluten peptide binds comparably well to DQ2, yet it

dissociation properties in two important ways. First, itS a5 5 measurable dissociation constant. It achieves its goal
dissociation rate is much slower than either of the monovalent ;¢ officient MHC loading primarily through extraordinarily

al, all, or alll peptides. This ensures that, once loaded, the 4¢ficient exchange kinetics.

deamidated 33-mer has a relatively long half-life on the DQ2

binding site. Since our experiments have ruled out the ACKNOWLEDGMENT

possibility of DQ2 oligomerization on the multivalent 33-

mer peptide, an unknown secondary binding site on this We thank Harden McConnell and Craig Beeson for helpful
peptide may be responsible for its slower dissociation from discussions and Harden McConnell for permission to use
the DQ2 binding groove. This is reminiscent of earlier the HPSEC apparatus.
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