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Abstract

Molecular modeling techniques were used to generate structures of several HLA-DQ proteins associated with
insulin-dependent diabetes mellitus (IDDM). A peptide fragment from glutamic acid decarboxylase (GAD), a
known IDDM autoantigen, binds to certain HLA-DQ molecules positively associated with IDDM. Modeling
studies were used to explore possible binding interactions between this GAD peptide and several HLA-DQ
molecules. Based on the characterization of anchor pockets in the HLA-DQ binding groove and of peptide side
chains, a novel binding mode was proposed. This binding mode predicts the GAD peptide is positioned in the
binding groove in the direction opposite the orientation observed for class | proteins and the class Il DR1, DR3,
and I-E¥ proteins. Peptide docking exercises were performed to construct models of the HLA-DQ/peptide com-
plexes, and the resulting models have been used to design peptide bindimekpdo test this “reverse-
orientation” binding mode. A variety of experimental results are consistent with the proposed model and sug-
gest that some peptide ligands of class Il molecules may bind in a reveimgdtmm within the binding
groove.

Keywords: Major Histocompatibility Complex proteins, insulin-dependent diabetes mellitus, peptide docking, molecular
modeling.

tal triggers. [6,7] Studies of human IDDM suggest that vi-
Introduction ruses, chemicals and toxins, and dietary factors are all po-
tential triggers. [8] However, none have been identified de-
The primary genetic factor associated with insulin-dependfinitively.
ent diabetes mellitus (IDDM) susceptibility in humans is the  The DQ genes, part of the major histocompatibility com-
DQ gene region of the human leukocyte antigen (HLA) complex (MHC), encode heterodimeric transmembrane proteins
plex. [1-5] Although genetic susceptibility is widely acceptedthat bind antigenic peptide ligands for presentation to T cell
as the primary factor required for IDDM onset, individuals receptors (TCRs) on CDAT lymphogtes. A dass || MHC
who are genetically programmed to be susceptible do ngbrotein such as HLA-DQ consists of@ichain and f chain,
develop the disorder until exposed to necessary environmer®ncoded by separate genes. The peptide bindingnrégy a
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cleft formed by the membrane-distal portions of bothahe A .
andf3 chains.

Peptide binding in the groove of a class Il MHC mol-
ecule occurs via noncovalent interactions involving both side
chain and backbone atoms of the peptide. The side chains
“anchor residues” in the peptide interact with corresponding
“anchor pockets” in the binding groove. The peptide lies flat
in the groove and the complex is stabilized by a hydroget
bond network involving primarily MHC side chains and the
peptide backbone. Both ends of a class [l MHC binding groov
are open, allowing the termini of the bound peptide to ex
tend beyond the ends of the groove. [9-14]

Unlike antibodies and T cell receptors, the repertoire of
MHC molecules in an individual is limited. Necessity dic-
tates that in order to initiate an immune response to a larg
number of antigens, each MHC protein must be able to bini
multiple peptide lignds. This characteristic has been dem-
onstrated in studies of peptide binding motifs. [15-17] Pep-
tide binding to MHC proteins appears to depend partially or
the absence of unfavorable side chains in anchor residue p
sitions, rather than strictly on the presence of specific
favorable anchoreasidues. Thedentified peptide binding
motifs indicate that anchor residues may be categorized ¢
favorable, impartial, or unfavorable. Peptides containing ei
ther favorable or impartial anchor residue side chains bind
MHC proteins [15-17], presumably with varying affinities,
and the complex is stabilized by a network of hydrogen bonds.
Peptide binding is prevented when unfavorable residues arB
present at anchor positions. )

The HLA gene loci are among the most polymorphic
within the population. [18-20] Only specific amino acid po-
sitions are polymorphic sites (e.g., position 86 of the [PQ
chain can be Ala, Gly, or Glugnd high homology exists
among the various alleles. In the binding groove region, mos
DQ a andf chains share at least 90-95% sequence identity
[20] Thereforethe differences observed in binding charac-
teristics among various HLA-DQ haplotypes are due to the
effects of amino acid substitutions at the polymorphic sites
within the binding groove.

The haplotype HLA-DQ3.2 (allelic designation
DQA1*0301-DQB1*0302), is positively associated with
IDDM susceptibility in Caucasian populations, while DQ3.1
(DQA1*0301-DQB1*0301) is negatively associated with
susceptibility. [3-5,21,22] Athird haplotype, DQ3.3
(DQA1*0301-DQB1*0303), is associated with susceptibil-
ity in Japanese populations [23], and in the Swedish popule
tion, when in heterozygous combination with DQ3.2 or se-
lected other DQ alleles. [24] These three MHC molecules al
share a commoi chain and have highly homologs 3
chains (~97-99% sequence identity). In the peptide binding
region, DQ3.1 and DQ3.2 differ by four residues at positions
13, 26, 45, and 57. DQ3.3 is identical to DQ3.2 except for a
single substitution at position 57. The polymorphic residue%
and their locations in the antigen binding groove are showr,g
in Figure 1A.

igure 1.A) Ribbon structure of DQ3.1 binding groove with
he four polymorphic side chains she. B) Anlcor pockets

1, 4, 6, and 9 of the DR1 structure are indicated. Figures 1,
3, and 4 were generated with the program Molscript.[47]
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In spite of the high sequence homology of these three The DQ3.2 model was generated using standard homol-
MHC molecules, they exhibit some dramatic differences inogy modeling techniques. Backbone atoms of the DR1 tem-
peptide binding. In particular, a 13-residue fragment fromplate were fixed at crystallographic positions and necessary
the 65-kD isomer of glutamic acid decarboxylase (GAD65)amino acid side chain substitutions were made to generate
binds well to DQ3.2, but binds poorly to DQ3.3 and does nothe DQ3.2 sequence. Since side-chain conformations in pro-
bind to DQ3.1 at all. GAD65 is a known IDDM autoantigen teins with high sequence identity are highly conserved [28,29],
[25], and the 13-residue peptide fragment (designated 34@)R1 side chain conformations were retained for all homolo-
that binds well to DQ3.2 exhibits high sequence homologygous sites and conservative substitutions (e.g., Thr for Ser),
to the most immunogenic peptide derived from the P2-C proto the extent possible. For nonconservative substitutions, side-
tein of coxsackievirus B4 [26], a putative environmental trig-chain atoms were placed initially in the most probable con-
ger of IDDM onset. formation. [30] The models were constructed using MidasPlus

We used molecular modeling techniques to construc{31] and PSSHOW [32] interactive molecular graphics pro-
three-dimensional models for the DQ3.1, DQ3.2, and DQ3.3rams.

MHC molecules, and to generate docked complexes for In addition to the amino acid substitutions, @hains
peptide 34p with each MHC molecule. Based on the peptideontain three insertions relative tee DRa chain. hese
docking exercises, we propose a hypothesis to explain thiasertions are located at the amino terminus ofctrehain
differential binding of peptide 34p to these three MHC mol- (positions 1, 2, and 9), far removed from the binding groove
ecules, and we predict a “reverse-orientation” binding motifregion. Theamino terminus has an extended chain confor-
for DQ3.2 with peptide 34p. mation, and insertions at positions 1 and 2 were made by
attaching single residues in an extended conformation to the
amino terminus of the ptein. Theinsertion at position 9

Methods was made by breaking the protein backbone at the site of
insertion, attaching the appropriate residue to the amino ter-
Model construction minus of residue 10, and rotating the fragment comprising

residues 1-8 to form a trans peptide bond connecting residues
A model structure of DQ3.2 was generated using homology and 9. Side-chain atoms were placed in the most probable
modeling techniques based on the structure of DR1 (DRA€conformations.
DRB1*0101), a similar class Il MHC protein encoded by  Once all amino acid substitutions and insertions were
different ggne loci. Th®R1 structure, which contains a made, substituted side chains were adjusted manually to re-
bound peptide from the influenza protein hemagglutinin (HA) lieve steric clashes. Limited energy minimization was then
was determined by x-ray crystallography. [9] DR1 and DQ3.2performed using AMBER 4.0[33] with an all-atom potential
share ~62% sequence identity overall, with ~52% sequendeinction [34] to refine the models. Only the membrane-distal
identity in the peptide binding region, and many of the sub-binding groove portion of the molecule was relaxed by mini-
stitutions at polymorphic sites are conservative changes. [20hization; the membrane-proximal region was fixed in the
Chothia and Lesk demonstrated that proteins with greatecrystallographic conformation during minimization, as this
than 50% sequence identity generally have very similar terregion in DQ3.2 is highly homologous to DR1 (~70%), with
tiary structues. [27] Thusthe DR1 structure should be a few nonconservative substitutions. Conjugate gradient energy
good template for DQ3.2 model construction. We do expecminimization was performed in vacuo with a distance-de-
that there are some structural differences between DR angkndent dielectric constant. The model structure was evalu-
DQ class Il MHC molecules, particularly in two iegs. A ated by calculating side chain packing densities using the
region in the D@ chain between residues 48-56 (residuesprogram QPACK [35] and by verifying reasonable side-chain
45-53 in DR1o chain) contains a number of nonconservativeconformaions. [30] Visual inspection was performed to in-
substitutions, including a cluster of arginine residues in thesure that all polar and charged residues not exposed to sol-
DQ molecules. Another interesting region of probable strucvent had suitable interaction partners to permit formation of
tural variation between DR and DQ proteins is located in thénydrogen bonds and salt briey Theihal DQ3.2 model was
[ chain at position 55, where many DQ proteins have a prolinased as a template for construction of DQ3.1 and DQ3.3
substituted in place of the arginine observed in DR1. Thisnodels, using the protocol outlined above.
substitution yields two adjacent prolines in these DQ mol- The DQ3.2 structure generated in this homology mod-
ecules, which we predict will likely disrupt the beginning of eling exercise has several acidic and basic residues in re-
the helical region in th@1 domain. However, neither of these gions predicted to form key anchor pockets in the peptide
regions impact the peptide binding groove profoundly in ourbinding groove. To assess the probable charge state of these
DQ models. More significantly, the three DQ heterodimersresidues, pKa values were calculated for all ionizable residues
we have modeled are highly homologous, and thus, likelyusing Poisson-Boltzmann electrostatics calculations and a
have nearly indentical three-dimensional structures. We haveKa calculation protocol developed by Antosiewicz. [36,37]
focused our modeling efforts on the differences between thedgriefly, this method entails 1) calculation of the self-ioniza-
three DQ molecules. tion energy of each titratable @rp when free in agqueous
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torsion angles of the peptide were adjusted to accommodate
the fit of the peptide in the binding groove, and anchor resi-
due side chains were then rotated to fit well in their respec-
tive anchor pockets. Finally, limited energy minimization was
performed using the all-atom potential functions to relieve
any residual unfavorable contacts. Initially, only the peptide
was permitted to relax, while subsequent minimization in-
cluded the peptide and the binding groove region of the MHC
molecule. The membrane-proximal portion of the DQ3.2
molecule was fixed throughout the minimization process.

Figure 2. Diagram of DQ3.2 anchor poets. The four anchor Results
residues from 34p are shown in the appropriate pockets
predicted by the reverse-orientation model. Construction of a DQ3.2/34p reverse-orientation model.

The nomenclature often used to distinguish each anchor
solution, 2) calculation of the ionization energy of eachpocket within the binding groove of a class Il protein is a 1-
titratable group in the neutral protein (i.e., all other titratable4-6-9 scheme, based on the crystal structure of DR1 and its
groups are held neutral, but partial charges for all atoms ibound ligand, the HA peptidfQ] The amino acid sequence
the protein are included in Poisson-Boltzmann calculations)of the HA peptide is
3) calculation of the interaction energy between all ionizable
groups, and 4) a Monte Carlo simulation to determine thdro-Lysyr-Val-Lys-GIn-Asn-Thr -Leu-LysLeu-Ala-Thr
lowest energy state(s) from among thé ossible ioniza-
tion states in the protein, where M = number of titratable 1 2 3 4 5 6 7 8 9
groups. The electrostatic potentials and electrostatic interac-
tion energies were computed using a finite difference algoand the anchor residues are shown in bold type. Each anchor
rithm to solve the linearized Poisson-Boltzmann equation witlpocket is numbered according to the corresponding peptide
the UHBD progam. [38] A coarse grid lattice (2.5 A spac- anchor residue that binds in the pocket, with the first anchor
ing) was used to calculate long-range electrostatic contribuesidue designated as position 1. The locations of these pock-
tions, followed by a focusing technique with successivelyets within the groove are shown in Figure 1B. For purposes
higher resolution grids (1.20 A, 0.75 A, 0.25 A lattice point of clarification in this discussion, pockets 1, 4, 6, and 9 will
spacing) to obtain converged results for short-range electrdse designated A, B, C, and D, respectively (see Figure 2).
static inteactions.All calculations were performed at T = In the DQ3.2 model, poets Aand D are more pro-
293 K, pH 7.0, and 150 mM ionic strength with a solventnounced than pockets B and C. Pocket A, the largest in the
dielectric of 80.0, a protein dielectric of 20.0, and a 2.0 ADQ3.2 model, contains primarily polar and charged residues,
Stern layer. It has been observed in previous studies thatiacluding two exposed glutamic acids (84nd 8@). The
protein dielectric of 20.0 yields good agreement with experipocket is stabilized by a network of hydrogen bonds and salt
mentally measured pKvalues. [36,39] Partial charges and bridges formed by the side chains of the residues lining the
van der Vdals radii needed for the calculations were takerpocket. Ag550 forms a salt bridge with Glug4 and Glu8@

from the ldestAMBER potential functions. [40] forms hydrogen bonds with Sed@nd His2@. This is in
contrast to the hydrophobic character of the comparable
Peptide docking pocket in HLA-DR1. [9] Our electrostatics calculations sug-

gest that both glutamate residues are significantly ionized,

Peptide docking involved the manual placement of putativeeven at pH 4.5. We predicted that a positively charged resi-
peptide anchor residues in appropriate anchor pockets of tldie from a bound peptide would be a preferred anchor resi-
binding groove. To identify possible peptide anchor residuesgue for this pocket, forming a charge interaction with one of
each anchor pocket was assessed for size, hydrophobicity)e glutamates. Figure 3A shows the charged and polar side
and presence of charged and/or poksidues. Anchor chains that stabilize pocket A.
residues with complementary properties and appropriate spac- Pockets B and C are shallow and less distinct than pock-
ing in the peptide were then chosen. ets Aand D. Pocket B of DQ3.2 contains primarily hydro-

A model of peptide 34p was constructed in extended-chaiphobic residues, plus an exposed histidine side chain and an
conformation, with all side chains placed in the most prob-exposed tyrosine hydroxyl gup. We pedicted a polar side
able conform#ons. The pptide was docked manually into chain able to form a hydrogen bond with the His or Tyr would
the DQ3.2 binding groove with the selected anchor residuebe a likely anchor residue for this pocket. Pocket C is pre-
positioned in the corresponding anchor pockets. Backbone
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dominantly hydrophobic, and we predicted a hydrophobid
anchor residue would be needed for this pocket.

Pocket D contains numerous hydrophobic and aromatig
residues in DQ3.2. In the DR1 structure, this pocket contain
primarily small hydrophobic side chains, plus one salt bridgg
formed by Arg76 and Asp5B. DQ3.2 contains an homolo-
gous Arg at position 9 but has an alanine at position357
This alanine substitution in DQ3.2 disrupts the salt bridgg
observed in the DR1 crystal structure. Arg49 located at
the end of the binding groove, and its side chain can be ea
ily oriented either into pocket D or out of the binding groove.
Since pocket D contains no other polar or charged side chain
we chose to position the side chain in an alternate high prok
ability conformation [30] with the guanidino group pointing
away from the pocket, where it has greater solvent accesg
bility. We predicted a hydrophobic anchor residue for this
pocket, with preference perhaps for an aromatic residue i
order to formrestacking interactions in the pocket. Figure
3B shows the aromatic, hydrophobic side chains that stac
together to form pocket D of DQ3.2.

After anchor pocket characterization was completed, the
peptide was inspected for the presence of complemental
anchor residues. The amino acid sequence of peptide 34p Is

Figure 3. Top view of A) pocket A in DQ3.2, B) pocket D in
DQ3.2, and C) pocket D in DQ3.3 models. The protein
backbone is shown in teal. Side chains shown (in orange) in
pocket A are: Ser 1) His 27a, Glu 34x, Arg 551, Glu 863,

;Il'hr 893, and Thr 9@. In pocket D, Arg 78 and Ala/Asp 5B

are shown in red, and all other side chains (Vadr,7&yr 9,

r 306, Tyr 378, Tyr 6Q3, and Trp 63) are shown in orange.

lle-Ala-Arg-Phe-Lys-Met-Phe-Pro-Glu-Val-Lys-Glu-Lys
1 2 3 4 5 6 7 8 9 10 11 12 13

The anchor residues of a peptide are usually found in

nine amino acid span approximately in the center of thel_
peptide sequence. [41] In order to achieve an extended backY
bone conformation, the spacing between anchor residues for
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Table 1. Properties of anchor pockets and the selected anchor
residues from peptide 34p in a “reverse-orientation” binding

mode.
Pocket Anchor Residue Anchor Residue
Pocket Characteristics Properties Needed from peptide 34p
A Polar and charged residues, Positively charged Lys (res. 11)
with exposed Glu residues side chain
B Primarily hydrophobic, plus Negatively charged Glu (res. 9)
exposed His and Tyr residues or polar side chain
C Hydrophobic Hydrophobic side chain Met (res. 6)
D Hydrophobic; numerous Hydrophobic, preferably Phe (res. 4)
aromatic side chains aromatic side chain

pockets A and D was restricted to seven or eight amino acidshor residues were positioned in the pockets while maintain-
(i, i+7 or i,i+8). Anchor esidues A and D, which received ing reasonable backbone torsion angles for the peptide.
highest priority, were selected first, followed by anchor Inthe DR1 crystal structure, the HA peptide backbone is
residues that complement pockets B and C. A suitable motifi a polyproline 1l peptide conformation [9] as is the CLIP
in the center of the peptide sequence containing the desirgukptide in the recent DR3 complex structure [13] and two
anchor residue properties and appropriate spacing was easjigptides of single-chain constructs with the mouse class |
identified. The properties of each pocket, the correspondiniHC molecule I-Ek. [14] The peptide backbone conforma-
properties sought in the anchor residue, and the selected sitlen in our DQ3.2/34p model complex is similar to these crys-
chains from the peptide are summarized in Table 1. tal structure complexes, although with a somewhat less pro-
The anchor residues chosen for peiskAand D (posi- nounced twist that is not a classic polyproline Il structure.
tions 11 and 4, respectively) fit the characteristic profiles forFigure 4 shows the ahor residues from peptide 34p and
these pockets ideally. The Lys side chain at position 11 i&ey side chains in anchor patk A, B, Cand D.
perfectly positioned in pocket A to form hydrogen bonds and Peptide binding to class Il proteins depends on interac-
charge interactions with the glutamate residues, and the Phiens between peptide anchor residues and MHC anchor pock-
side chain at position 4 packs well with the aromatic residuests, and also on the formation of a large number of hydrogen
in pocket D. This motif is comparable to the peptide bindingbonds between the MHC protein and backbone atoms of the
motif identified in pool sequencing experiments for HLA- peptide. In the DR1/HA crystal structure, 15 hydrogen bonds
DQ2 [42], where Lys and Phe are the principle anchor residudsetween DR1 side chains and the HA peptide backbone are
in pockets Aand D, respectively. Recent studies have alsgeported [9], and the pattern is similar for the DR3/CLIP and
identified three peptides from a dust mite allergen proteirl-EX complexes. [13,14] In our model, DQ3.2 side chains
that produce an immune response via DQ3.2-restricted TCRere oriented to form 12 hydrogen bonds with peptide back-
activation in transgenic mice. [43] All three peptides identi-bone atoms, most of which are analogous to those observed
fied in this study fit our proposed binding motif well, with a in the DR1 and DR3 structures. Six nonpolymorphic residues
lysine residue and various hydrophobic residues in either afN620, N6, R76x, W613, N823, H81B) that participate
i, i+7 or i, i+8 pattern. All three peptides can be docked easn nine hydrogen bonds in DR1/HA and DR3/CLIP are con-
ily in our DQ3.2 model, with lysine in pocket A and a hydro- served in DQ3.2. Seven of these hydrogen bonds are main-
phobic anchor in pocket D. One of the peptides also has &ined in our model, one additional hydrogen bond is formed
glutamate at position i+2 which fits nicely in pocket B, ex- with R7%, and one is lost due to the presence of a proline in
actly as seen in our DQ3.2-34p complex. Finally, the peptidpeptide 34p. In addition to hydrogen bonds involving the
binding motif for DQ3.2 in pool sequencing studies indi- peptide backbone, our model exhibits hydrogen bonding and
cates that a Lys or Arg residue is the preferred primary aneharge interactions between peptide anchor residues and an-
chor. [44] chor pocket side chains, as discussed above. Figure 5 shows
With lysine and phenylalanine residues anchored in pockthe hydrogen bond interactions between DQ3.2 and the
ets Aand D, the Glu side chain at position 9 was easily dockegbeptide backbone.
in pocket B to form a hydrogen-bonding partner for both the
His and Tyr residues. The Met side chain at position 6 is well
accommodated by the hydrophobic anchor pocket C. All an-



J. Mol. Model.1996 2 211

W613 Y378

VY.

K

&

Figure 4. Top-view and side-view images of the DQ3.2/34psize. Pocket D is significantly smaller in DQ3.3 and DQ3.1
complex showing anchor residues of 34p and key side chairthan in DQ3.2, because the Asp-Arg contact pair fills a por-
from DQ3.2. The DQ3.2 backbone is shown in teal and DQ3.%on of pocket D. Figures 3B and 3C show a detailed view of
side chains are shown in red. The DQ3.2 side chains showpocket D in the DQ3.2 and DQ3.3 models.
are: Glu 34x and Glu 8@ in pocket A; Tyr 2& and His 2'tr DQ3.1 contains four pgmorphic substitutions relative
in pocket B; Phe 13, Tyr 3Q3, and Tyr 43 in pocket C; Val  to DQ3.2. As in DQ3.3, there is an AldAsp substitution at
76a, Tyr 9, Tyr 3Q3, Tyr 373, and Trp 63 in pocket D. The position 5P. There are additional polymorphismspatsi-
peptide is orange, with anchor residues Phe (position 4), Metions 13 (Gly - Ala), 263 (Leu- Tyr), and 4B (Gly - Glu).
(position 6), Glu (position 9), and Lys (position 11) shown. Position 18 is situated along the edge of pocket B between

pockets B and C, and position®® located along the edge

of pocket C, near pocket B. Both of these substitutions in
Construction and comparison of DQ3.1, DQ3.2 and DQ3.3DQ3.1 reduce the size and depth of the (already) shallow
complexes with 34p anchor pockets B and C. Positior345 located on the edge

of the3-sheet that forms the floor of the binding groove, and
Position 5B, the single amino acid polymorphism that dis- iS not expected to directly impact peptide interactions within
tinguishes DQ3.2 from DQ3.3, is located in anchor pocket Xthe groove (see Figure 1).
of the binding groove. Thus, any observed differences in pep- Thus, our models suggest a clear structural basis for the
tide binding between DQ3.2 and DQ3.3 are due to this subobserved binding properties of 34p to DQ3.1, DQ3.2, and
stitution. The primary difference predicted to arise from thisDQ3.3. Andior pocket D is much smaller in DQ3.1 and
Ala->Asp substitution is the probable formation of a saltDQ3.3, and our docking exercises suggest that peptides with
bridge betveenAsp 5P and Arg 7@ in DQ3.3. Formation @ phenylalanine anchor at this position, such as 34p, should
of this salt bridge requires that Argc7@dopt a side chain have greatly reduced binding affinities, as is observed ex-
conformation similar to that observed for Arg7ie the DR1  perimentally[17] The two aditional polymorphic substitu-
crystal structure. In our DQ3.2 model, an alternate confortions at positions Band 2 reduce the size of anchor pock-
mation was chosen for Arg@%hat orients it away from the ets B and C in DQ3.1 relative to DQ3.2, and these changes
hydrophobic environment of pocket D, and dramatically in-introduce greater steric restrictions in the DQ3.1 binding
creases its solvent accessibility, as described above. This groove. Again,these polymorphic substitutions would be
ternate conformation for Arg #9s easily accommodated in €xpected to diminish binding for peptides with large anchor
our model structures with no backbone adjustment, and aresidues in these positions, such as the glutamate and
lows formation of an additional hydrogen bond with the methionine in 34p.
peptide backbone, as discussed above. The main impact of
this Asp-Arg salt bridge is a significant change in pocket



212 J. Mol. Model.1996,2

R79(0)
R56() N65() N72(c)
\NY /Q O)\ HN
H © HoN © NH, Hzl}l)sl\\IH2+
(K) LK) E) I (O @
Rz O |\ Ru O | Ry O Ry, R O | R O . R O JO
%N&N%N&N N)S/N\H)—NWH\NJ\(N\[H\NJ\/N NJ\FH
o " r,0 " rRoo " RRO o " R o0 " R o " R
® ! M G I R) (1)
: O\ NH, HZNYNHZ :
H ? H
N HN N
7 N82(3) 7 |
N\_N 0@) \
H81([) W61@)

Figure 5. Hydrogen-bonding pattern in the DQ3.2/34p peptide side chain interactions with the SH3 binding groove
complex. Side chains from DQ3.2 that form hydrogen bonddetermine the binding orientation in these complexes. [45]
with the peptide backbone are shown and the hydrogen bond3ur DQ3.2/34p model is the first proposed structure of an
are indicated by dashed lines. Peptide side chains aréMHC complex with a reverse-orientation motif.
designated as R1-R13 and the residue at each position is A variety of experimental data are available which lend
given in parentheses. support to our reverse-orientation binding model for peptide
34p to DQ3.2. For example, the choice of a lysine anchor
residue for pocket A and phenylalanine for pocket D seems
Discussion well justified, based on peptide motifs for DQ2 and DQ3.2
molecules identified in sequencing studies. [42] Since DQ3.2
The selected anchor residues from 34p provide an excelleaind DQ2 molecules are highly homologous (91-94% sequence
model for the bound DQ3.2/34p complex, as shown in detaildentity), it is not surprising that our predicted DQ3.2 pep-
in Figure 4. This model exhibits good interactions betweertide binding motif is quite similar to the motif determined
anchor residues and anchor pockets, appropriate spacing bexperimentally for DQ2 molecules. The presence of a highly
tween anchor residues, a slightly twisted peptide backbongimilar possible binding motif in the dust mite peptide anti-
in extended conformation, and numerous hydrogen bondgens is also intriguing. It is quite interesting to note the se-
between DQ3.2 and the peptide. This model of DQ3.2 witlquence binding motif identified for DQ2 antigens suggest a
bound 34p suggests a novel binding mode in which the pepraditional orientation in our models, while the possible mo-
tide orientation in the binding groove is opposite that typi-tifs observed in the dust mite peptide antigens suggest a tra-
cally observed. However, most peptide orientation data comeditional binding orientation for some peptides, and a reverse-
from crystal structures of class | complexes, in which bothorientation binding mode for others.
termini of the peptide are contained within the binding groove  Experimental studies have been performed to map the
and contribute to specific interactions that stabilize the comanchor residue positions inpiiEle 34p. [17] To assess the
plex. Because the peptide termini extend beyond each end whpact on binding to DQ3.Xingle Argsubstitutions were
a class Il MHC binding groove, peptide binding is not re-introduced at each position in 34p that is not normally a lysine
stricted to the standard orientation by interactions betweeor arginine residue. Our reverse-orientation model predicts
the peptide termini and the binding groove. Limited data orthat peptides containing Arg substitutions at position 4
the characteristics of class Il peptide anchor residues havy@he- Arg), position 6 (Met- Arg), or position 9 (Glu- Arg)
revealed relative symmetry in the positioning and propertiesvould not bind DQ3.2since Argwould be an unfavorable
of anchor residues, and binding in either orientation has beesnchor in each of these pockets. The experimental results
suggested. [15] Src homology 3 domain (SH3) moleculesndeed show that peptide binding by DQ3.2 is blocked only
also bind peptides that adopt a polyproline Il conformationwhen an arginine substitution is introduced at positions 4, 6,
and peptide binding has been observed in both orientatiorsr 9, as predicted by our model, and at one additional site,
in SH3 protein-ligand complexes. [45, 46] It appears thaposition 1.[17] Analysis of our model reveals the formation
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@ 70000 T T T T T the higher end of this range. Similar behavior should also be
= . L
5 observed for DQ3.3, since 34p exhibits measurable, though
8 60000 - I ng% T much reduced, binding affinity for DQ3.3.
© 50000 |- DQ3:3 I To test these model predictions, peptide 34p binding to
c .. Baseline - DQ3.1, DQ3.2, and DQ3.3 was evated at pH 4.5, 5.5, and
8 40000 | . - 6.5 (Nepom, Kwok, DeWeese, and Lybrand, unpublished
§ 30000 - - o results). Binding to DQ3.2 was observed to be pH-depend-
o 7 ent, with optimal binding observed at pH 4.5, and a smooth
L 20000 | t . d_ec_re_ase_ in binding as the pH is raised to 6.5, where the
o e histidine is expected to be only ~50% protonated. These re-
.% 10000 [ S~ - sults are shown in Figure 6, and agree well with our predic-
g 0 e i - I = tions for the reverse-orierttan model. As gpected, 34p

4 45 5 55 6 65 7 shows no appreciable binding to DQ3.1. The peptide does

exhibit limited binding to DQ3.3, and the pH profile follows
the trend observed for DQ3.2, as predicted by the models.
. o ] . These data are also given in Figure 6.
Figure 6. Binding data for peptide 34p with DQ3.1, DQ3.2, e also explored several alternate binding modes for 34p,
and DQ3.3 as a function of pH. Baseline values are averageg, determine if any other plausible models could be gener-
obtained for peptide 34p to the BLS1 cell line, which lacksateqd. One alternative assumed a traditional orientation, with
class Il MHC molecules. 34p residues 1, 4, 6, and 9 chosen as anchors (i.e., the residues
identified in the Argsubstitution experiments by Kwok, at
al. [17]). This binding motif, however, requires a different

of two hydrogen bonds be¢en Arg 78 in DQ3.2 and the set of interactions in the primary anchor pockets. Specifi-
backbone of the peptide at position 1. Anllarg substitu-  cally, this binding motif positions lle-1 in pocket A, Phe-4 in
tion at position 1 would place two Arg side chains in verypocket B, Met-6 in pocket C, and Glu-9 in pocket D. As
close proximity, resulting in potential serious ionic and stericdescribed above, pocket A contains charged and polar side
repulsion (see Figure 2). Replacement of lle at position Thains; a hydrophobic side chain such as lle would be at best
with Thr, GIn, Phe, Asp, okla did not block peptide bind- impartial in this pocket. Pocket D, the other key anchor pocket
ing, however. [17] Since position 1 is tolerant of essentiallyof DQ3.2, contains hydrophobic, aromatic side chains, and a
any amino acid substitution except Arg, we propose that thisharged Glu side chain does not appear to be a particularly
position is not likely to function as an anchor residue. good anchor residue for this pocket. It has been proposed

A more systematic study has also been performed fothat Glu-9 of the peptide could form a salt bridge with Acg79
positions 4, 6, and 9 of peptide 34p, using a number of amin anchor pocket D. However, this proposal is difficult to
acid substitutions. [17] The results indicate that binding isreconcile with the observed pH-dependent binding profile.
maintained only when each of these residues is replaced withithis Glu-Arg interaction were formed, we predict it would
a conservative substitution (e.g., Phieeu at position 4), or  be strongest at pH 6.5, where the glutamate is fully ionized.
alanine, which appears to be an impartial, or permissive, arAs the pH is decreased to 4.5, the glutamate would begin to
chor. Based on the data reported, position 9 seems to be leg@sotonate, weakening the salt bridge and reducing binding
tolerant of substitution. Substitution of arginine or affinity at least slightly. The experimentally observed pH bind-
phenylalanine at this position abolishes binding, whileing profile is distinctive and shows the opposite trend (i.e.,
threonine, leucine, and alanine mutations reduce bindingeptide binding becomes significantly stronger as the pH is
substantially. These results are also consistent with the rdewered), consistent with our reverse-orientation model that
verse-orientation model, as they imply the importance of thesuggests a Glu-9/His&7interaction in pocket B as discussed
interaction between His@7and Glu-9 in pocket B. above. Finally, this proposed binding motif is drastically dif-

We have used our model complexes to design additionderent from the motif identified by Verreck et al. for DQ2
experiments to further test this proposed binding mode fomolecules. [42] As discussed above, we expect that DQ3.2
34p. One of the most interesting implications of our reversgnay have a similar binding motif, due to its very high se-
orientation model is the placement of Glu-9 from 34p in an-quence similarity to DQ2 molecules. As discussed above, we
chor pocket B, which contains a histidine residue in all threegexpect that DQ3.2 may have a similar binding motif, due to
DQ molecules we have studied. At pH 4.5, both the His andts very high sequence similarity to DQ2 molecules, and the
Glu side chains are predicted to be predominantly chargednotif data from pool sequencing for DQ3.2. [44]
This suggests that peptide binding at low pH might involve  We considered other combinations of anchor residues that
formation of an ion-pair-reinforced hydrogen bond betweenwould generate a traditional binding orientation. Based on
these side chains. Our calculations also suggest that pepti@gchor pocket characterization, most potential combinations
binding may diminish somewhat as the pH increases to 6.5f anchor residues for the traditional orientation are predicted
since the histidine will begin to deprotonate noticeably atto be unfavorable. The only combination of anchor residues



214 J. Mol. Model.1996,2

that fits a traditional orientation binding motif with impar- that predicts a traditional orientation for binding and one that
tial or favorable charactistics is Ag-3 for the polar and predicts an alternate reverse-orientation binding mode.
negatively charged pocket A and Val-10 for the hydrophobic  The traditional orientation model has Arg-3 and Phe-11
pocket D. We constructed a model of the complex in thisanchors with i, i+8 spacing. Using 1-4-6-9 spacing for an-
orientation. his combination of anchor residues contains i,chor residues, Met-6 and Pro-8 would be the anchor residues
i+7 spacing, as does our reverse-orientation model, and far pockets B and C, respectively. In this binding model,
similar hydrogen bonding pattern for peptide backbone witifavorable interactions would occur in petk A, Cand D,
DQ side chains is observed. However, this model is inconwith an impartial or slightly unfavorable (due to the steric
sistent with the arginine substitution data obtained by Kwokbulk of Met) interaction in pocket B. A model of this com-
and coworkers. [17] They found that replacement of Val-1(plex was constructed using the HA peptide backbone as a
with Arg does not disrupt binding, as would be expected iftemplate. Eleven hydrogen bonds can be formed between the
Val were an anchor residue. Furthermore, this model requirgseptide backbone and DQ3.2 in this model, but no interac-
that Phe-4, Met-6, and Glu-9 side chains project directly outions are identified that might explain the pH profile observed
of the binding groove. However, Kwok at al. observed thatfor 34p. However, there are no experimental data to demon-
arginine substitution at any of these positions eliminates pepstrate that this modified 34p11F peptide exhibits the same
tide binding to DQ3.2 completely. It is difficult to envision pH-dependent binding profile as 34p.
how arginine substitution for a residue that projects out of The alternate reverse-orientation binding model for pep-
the binding groove could totally block peptide binding, or tide 34p11F would involve a register shift of two residues
how arginine substitutions could be completely tolerated afrom the reverse-orientation model for wild-type 34p. This
all the other positions predicted by this model to project intowvould place Lys-13 and Met-6 anchor residues in giscl
the binding groove. and D, respectively. Pro-8 and Phe-11 would be anchors for
For direct comparison to the known human class Il MHC-pockets B and C, respectively. This would also produce
peptide crystal structures, we attempted to dock peptide 34favorable interactions in poets A, C,and D, with a neutral
using both the HA and CLIP backbone alignments as teminteraction in pocket B. A model of this complex was con-
plates. First, the DQ3.2 backbone atoms were aligned witlstructed for comparison using the wild-type 34p reverse-ori-
the DR1 backbone atoms, and the HA coordinates were contation peptide backbone as a template. Ten peptide back-
ied into the file containing the DQ3.2 model. Amino acid bone hydrogen bonds are formed with DQ3.2 side chains in
side chains were replaced to generate the 34p sequence. Ttiigss complex. As for the traditional orientation model of this
procedure was repeated for the DR3/CLIP structure. complex, there is no suggestion that a pH-dependent binding
Since the HA and CLIP peptides have i, i+8 spacing beprofile would be observed for this peptide complex either.
tween anchor residues, the 34p sequence was assessed forThe proposed shift in binding register, or flip to a tradi-
potential anchor combinations. However, 34p contains no sidéonal binding mode with different anchor residues, appear
chains that fit the characteristic profiles needed to matcho be the two most rational explanations for the extremely
anchor pockts Aand D with i, i+8 spacing. The combina- strong binding observed for peptide 34p11F. Because each
tion of Ala-2 and Val-10 appear to be the only possible comof these models entail fundamentally different binding modes,
bination of residues with i, i+8 spacing that would not bea new series of residue substitution and pH binding profile
disruptive in pocket A or D. However, while Val is an accept-experiments will be needed toadwate them mperly.
able choice for pocket D, Ala seems much less desirable for
the large, polar pocket A. This motif is completely inconsist-
ent with the arginine substitution data [17], since an Arg isConclusions
not disruptive to binding at either position. In addition, this
motif orients Phe-4, Met-6, and Glu-9 out of the binding Our reverse orientation binding model provides a reasonable
groove, in contrast to the implications of the arginine substiexplanation for the interactions of a potentiallytdisogenic
tution data, as discussed above. This motif also places ttpeptide with the DQ3.2 MHC molecule, and the rather dra-
side chain of Lys-4 into pocket B, which contains Hs27 matic impact selected polymorphic substitutions have on
another interaction predicted to be unfavorable. peptide binding to several highly homologous DQ molecules.
One result observed by Kwok et al. is more difficult to It includes both of the key components for peptide binding
interpret simply. Binding is enhanced when the Lys anchoto class Il MHC proteins: (1) complementary interactions
at position 11 is replaced with Phe (34p11F). [17] Since oubetween peptide anchor residues and protein anchor pock-
model predicts that a hydrophobic side chain such as Phets, and (2) an extensive hydrogen bonding network between
would be much less favorable than lysine in pocket A, theprotein side chains and the peptide backbone. In addition,
reverse-orientation model cannot account for the binding obur model provides a reasonable explanation for the pH-de-
peptide 34pl1F. An analysis of the peptide sequence revegiendent binding profile observed experimentally.
two potential alternative combinations of anchor residues to For peptide 34p, no peptide binding motifs are available
explain the binding observed for the 34pl1F peptide: on¢hat incorporate the typical orientation, fit the profile needed
for anchor residues and observed for homologous DQ2 mol-
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ecules, and are consistent with results from anchor residu@
mapping expéments. Thus, it seems that peptide 34p most
likely binds to DQ3.2 in a reverse-orientation mode. Our

modeling results also suggest that DQ molecules may bindO.
peptides in either direction, depending on the precise naturgl.

of anchor residue interactions with the binding groove, as is

observed experimentally for SH3 protein complexes. Ourl2.
modeling studies also suggest that individual amino acid suht3.

stitutions at certain positions in the peptide may in some cases

alter the binding mode dramatically. 14.

This is the first proposed structure of an MHC protein

binding a peptide ligand in the reverse orientation. DetailedL5.

biophysical studies will be needed to confirm the exact na-

ture and orientation of peptide binding in DQ3.2. At present]16.

we are performing photoaffinity labeling studies to obtain
definitive information for 34p orientation in the DQ3.2 bind-

ing groove. 17.
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