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Papadopoulos-GK Néa doutxd yagaxtnoiotind twv avlowmivay aviydvoy totoovufatétnrag
HLA-DQ mooxidmrovy amo tHv uovredomoinon tovg ue faon tnv dnuootevuévy

ooun twv uogiwv HLA-DR. J-Struct-Biol. 1996 Sep-Oct; 117(2): 145-63.

[ponyovueveg peréteg £xovv vmodeiel TV yeveTikn cvoyétion Tov T6ToL DQ
oTNV EMPPETELN 1] OTNV AVTIOTOCT G€ OPLoPEVEG 0VTOAvVocEG TaBNoElG OTMG O
dPnTng tomov 1, n katd TAAKOG GKARPLVGOT KOl 1 KOIALOKAKY. XT1 UEAETN OVLTN
mopovotafovtal Ta dopikd yopaktnplotikd tov popiov HLA-DQ, 6mec avtd
npoékvyav and poplokn povieromoinon (Aoyiopud Insight kot Discover, Biosym
Technologies) pe fdaon v Mo yvOGTH SO0UN TOL OUOAOYOVL TPOC AVTA Lopiov
HLA-DR. Ta armokielotikd yopaktnpiotikd tov HLA-DQ popiov neptrapfdvouv:
() po wodvpopeikn 1" 0éon aykioctpwong oty KOILOTHTA SEGUEVON G AVTILYOVOU,
(B) pwo woAvpopeikn meproyn dipepiopod (P49-56) kot (y) ce moAAG arinito éva
Bpoyo Arg-Gly-Asp (B167-169), o omoiog evdeyouévmg vo gvéxetolr oe pio
dradikacio KuTTOplkng mpookdAinong. H meproyn dipepiopod a2f2 kot to TURUQ
déopevong tov CD4 gppavifovtol oxedov TovTOONUO HE TIG OVIIGTOUXEG TEPLOYEG
ot doun tov HLA-DR1. Ta HLA-DQ dtagpopornorovvtar and ta HLA-DR pépla
ot1g Bécelg aykiotpoong 1,2 xau/n 5, yeYovog mOV KATASEIKVVEL TIG OLAPOPEG TOVG
®G TPOG TNV EMAOYN TEMTOIKAOV AvVIlyovikdv Opovopdtov. EmmnAiéov o
TOAMVUOPPIGUOG oTNV TEPLoyn opodipepiopod (P49-56) mpoodiopiler tov Pabuod
EVKOALOG Yyl0 OlUEPIGNO KAT® omd Tnv emidpacn tov T vrmodoyéa TV
Aeppokvttdpov. Me  dedopévn TNV AVOYKOLOTNTO OUOSIUEPIOUOL  Ylo TNV
evepyomoinon tov T-AeLQOKVTTAPOV KOl TOV AVTLYOVO-TAPOVOLAGTIKAOV KVTTAPOV,
n Sdvvatdémmra dSwpepiopod twv DQ oAAnAiov avtuwcatomtpiler tmv evkolia 0
dvokolio gvepyomoinong TV 600 TUPATAVEO KVLTTAPIKOV TOTOV. Emmpocheta, o
Bpoyxog RGD divel ™ dvvatdinto KVTTAPIKNG TPOCKOAANONG oto aAlnita DQ mov
TOV KATEYOVV.

Ta doulrd xoQaxTNELOTIXRA OV TO.QOVoLALovTaL oty ueAétn aut, dtvouv
TOAOTLUES TTANQO®OQELES YLa TOVg mLOAvVOUg unyaviouovc Ue TOvg Omoiovg
xabopiCovral oL novadixéc avooorhoyirnéc LdLoTYTES Twv HLA-DQ wopiwy.
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Structural modeling of the HLA-DQ molecules, a
group of human histocompatibility antigens linked
to autoimmune diseases and immunosuppression-
based on the structure of the homologous molecule
DR1, has revealed an overall shape typical of the
class Il histocompatibility molecules, yet with sev-
eral novel features. These are unique to HLA-DQ
and include: (1) an antigen-binding groove with a
polymorphic first pocket and anchoring in the sec-
ond and/or fifth pocket, (2) a polymorphic p49-56
dimerization patch, and (3) in many alleles a promi-
nent Arg-Gly-Asp loop (B167-169), probably involved

1 This work was presented in part at the winter meeting of the
Hellenic Biochemical and Biophysical Society, Athens, Greece,
January 1994 and the 13th Immunology and Diabetes Workshop,
Montvillagerne, France, May 1994.

2 The contribution of the first two authors is equal.

3 To whom correspondence should be addressed. Fax: 30 651
45944,
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in cell adhesion, as it exhibits an architecture simi-
lar to identical sequences involved in such function.
The a2B2 dimerisation domain and the CD4-binding
region are nearly identical to their counterparts in
the structure of HLA-DR1. The significance of the
few substitutions in the CD-4 binding region re-
mains to be evaluated. The polymorphic first anti-
gen-binding pocket and the anchoring in the second
and/or fifth pocket point to differences in antigenic
fragment selection compared to HLA-DR antigens,
while the polymorphism in the 49-56 homodimer-
ization patch implies either ease of spontaneous or
T lymphocyte receptor-induced homodimerization
or difficulty in the latter. As homodimerization ap-
pears to be an obligatatory intermediate in the
activation of cognate DQ-restricted T lymphocytes
and DQ-bearing antigen-presenting cells, the dimer-
ization properties of DQ allels signify the respective
ease or difficulty of activation of these two cell
types. The RGD loop confers cell adhesion possibili-
ties to those DQ allels that possess it, yet its putative
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ligand cannot be defined at present. These features
are suggestive of the probable mechanisms through
which some of the unique immunological properties
of the HLA-DQ molecules are effected. o 1996 Academic

Press, Inc.

INTRODUCTION

The class 11 region of the human major histocom-
patibility complex (MHC)* consists of several genes
and pseudogenes grouped together in a number of
distinct gene loci (Trowsdale and Campbell, 1992;
Campbell and Trowsdale, 1993). Within this region
the loci of DP, DQ, and DR have received the most
attention. Each locus contains one gene for an «
chain and one or more genes for a 8 chain. The genes
for DR are expressed constitutively in antigen-
presenting cells (macrophages, B lymphocytes, and
dendritic cells) while the other two gene loci can be
induced by cytokines and certain viruses. The ma-
ture class Il MHC molecules are integral membrane
proteins on the surface of antigen presenting cells,
with the « and B chains non-covalently linked to
each other and mostly containing a tightly bound
(Kp ~ HM—-nM) antigenic peptide (Jardetzky et al.,
1990; Sette et al., 1989). Complementation between
chains of different HLA class Il loci has also been
observed (Lotteau et al., 1987). The two chains are
synthesized together with an invariant (li) chain
that is an obligatory chaperone of the «af het-
erodimer until the complex reaches the endosome
compartment (Germain, 1994). There, the acidic
environment leads to the dissociation of the invari-
ant chain from the heterodimer and the trapping of
antigenic peptides from internalized and degraded
protein antigens. The o MHC class Il heterodimer
containing by the antigenic peptide is then trans-
ported to the cell membrane where it can be recog-
nized by cognate CD4* T helper lymphocytes. These
lymphocyte emerge from the thymus organ, with an
antigen receptor that recognizes peptide antigen
presented (i.e., bound) by a specific class Il histocom-
patibility molecule of the organism, a property known
as MHC restriction (Male et al., 1991). This recogni-
tion coupled with another signal or recognition event
leads to activation of helper T lymphocytes and the
antigen-presenting cells bearing the DQ molecules
(Janeway, 1992).

Recently the three-dimensional structure of the
extracellular domains of the human MHC Class 11
molecule DR1 (DRA/DRB1*0101) became known to
3.3 A resolution (Brown et al., 1993), and a higher-

4 Abbreviations used: HLA, human leukocyte antigens; MHC,
major histocompatibility complex; RGD, arginine-glycine-aspar-
tate; rms, root mean square.

resolution structure (2.75 A) of the same DR1 mol-
ecule complexed to the influenza virus hemaggluti-
nin peptide HA306—-318 was subsequently published
(Stern et al., 1994). The chief characteristics of the
DR1 molecule in the antigenic peptide-binding re-
gion (¢1lBl domain) are: a molecular shape very
similar to that of MHC class | molecules, an antigen-
binding groove that is open at both ends allowing
long (9-22 residues) peptides to bind, and five resi-
due-binding pockets of which the first is the most
prominent. One of the surprising findings in the
elucidation of the structure of DR1 has been the
documentation of the DR homodimer of af het-
erodimers in the crystallographic unit cell (pH of
crystallization 4-6) (Brown et al., 1993); This ho-
modimer of heterodimers is also known in the com-
plex of DR1 with the staphylococcal superantigens
SEB (Jardetzky et al., 1994), and TSST-1 (Kim et al.,
1994), and more recently in the complexes of DR3
with the CLIP peptide (Ghosh et al., 1995b), and
DR1, and a peptide from HLA-A8 (Stern, 1995). This
homodimerization has been hypothesized to occur in
vivo via cross-linking by identical T lymphocyte
receptors on the cognate T lymphocyte, recognizing
two identical DR molecules bearing the same anti-
genic peptide (Brown et al., 1993).

A number of population studies have linked the
DQ locus to susceptibility or resistance to certain
autoimmune diseases such as type 1 diabetes, mul-
tiple sclerosis, coeliac disease, etc. (see Altman et al.,
1991, for a review). The linkage to DQ is more highly
correlated to these diseases than linkage to DR or DP
(respectively centromeric and telomeric to DQ). An
epistatic function of the DQ locus over the DR locus
was found in another study, without any apparent
explanation (Hirayama et al., 1987). A third study
provided evidence that DQ molecules participate in
immunosuppression, by mechanisms that are not
clearly understood (Salgame et al., 1991), while
other work has claimed that soluble DQ molecules
are generated by alternative splicing (Briata et al.,
1989), a finding that has yet to be verified by another
laboratory.

No crystal structures of HLA-DQ molecules have
been reported thus far. In order to gain insight into
the putative structural differences between DQ and
DR molecules, which are probably responsible for
the functional differences reported, we have taken
advantage of the extensive similarity (65—-70% iden-
tity in amino acid positions) between them and
modeled the three-dimensional structure of the
former using the published structure of DR1. In
addition to the extensive identity in amino acid
positions, the DQ and DR molecules have many
functional similarities that suggest similar struc-
tures for nearly identical functions: they both bind
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antigenic peptides that are more than 12 amino
acids in length (Gedde-Dahl et al., 1993; Jones et al.,
1994), with similar kinetics and pH-dependency of
binding (Johansen et al., 1994), and with the anti-
genic peptide having at least one chief anchor resi-
due (Falk et al., 1994; Verreck et al., 1994). Further-
more, DQ- and DR-restricted T lymphocyte clones
both use the coreceptor molecule CD4 (Fossum et al.,
1993). There are a number of examples in the
literature (HIV-1 protease (Weber et al., 1989), hu-
man islet B cell glucokinase (St. Charles et I., 1994))
in which this functional criterion has been used
successfully to model proteins with similar function,
yet only 30-35% identity in amino acid sequences
(Wlodawer et al., 1989). In fact, in a recent retrospec-
tive study of the modeling of the three-dimensional
structure of several proteins, it was noted that such
modeling was very successful in cases of more than
40% amino acid identity between proteins of similar
function (Srinivasan and Blundell, 1993). In a study
just published we showed that the modeled struc-
tural features of select HLA-DQ alleles segregate
according to the susceptibility or resistance con-
ferred by them to type 1 diabetes mellitus, an
autoimmune disease (Routsias and Papadopoulos,
1995). Here we analyze the structural characteris-
tics of DQ molecules and provide an account of the
structural basis for the differences in immune func-
tion between HLA-DQ molecules and their DR and
DP counterparts.

MATERIALS AND METHODS

The coordinates of the HLA-DR1 heterodimer (Brown et al.,
1993) and the homodimer of heterodimers complexed to the
HA306-318 peptide (Stern et al., 1994) were kindly provided by
Professor Don C. Wiley. They include the positions of residues
3-182 of each of the two « chains and 3-190 of each of the two 8
chains, as well as the coordinates of the two trapped HA306-318
peptides. Initially the structure of DQA1*0101/DQB1*0501 (en-
tries HA25-human and HB22-human in SwissProt (Bairock and
Boeckman, 1991)) was built, followed by models of DQA1*0102/
DQB1*0602, DQA1*0501/;DQB1*0301, DQA1*0501/DQB1*0302,
DQA1*0301/DQB1*0301, and DQA1*0301/DQB1*0302. The first
model building was performed on an Evans and Sutherland work
station using Sybil (Tripos Assoc., St. Louis). HLA-DR and -DQ
sequences were obtained from Kabat et al. (1991) and Marsh and
Bodmer (1995) and supplemented by a search through the EMBL
data bank. The alignment of DQ and DR molecules was taken
from Brown et al. (1988). Subsequent modeling work was per-
formed on a Silicon Graphics Iris workstation using the program
Insight 11, version 2.3.1 (Biosym Technologies, San Diego, CA).
There was one insertion in position DQa9, which was matched to
position DRa6. The previous amino acids (positions 6, 7, and 8) in
DQa occupied positions 3, 4, and 5, respectively, in the DR1
structure, in order to accommodate the insertion and preserve all
interactions of identical amino acids from position DQa9 onward.
There were no amino acid substitutions in the sequence that
would be expected to change dramtically the local conformation of
any allelic molecule. The amino acid conformations were automati-
cally chosen from a library of rotamers provided by the porogram,
using the most suitable rotamer for each case. Any automatic

energy minimization was in place after the replacement of each
substituted amino acid residue. Interactions between identical
amino acids in equivalent positioins were preserved. The ioniza-
tion state of amino acid side chains was that at pH 5.0, the
approximate pH of the endosomal compartment and also the
average pH for the crystallization of DR1 (Brown et al., 1993;
Stern et al., 1994; Jardetzky et al., 1994; Ghosh et al., 1995).
Because MHC class Il molecules have been shown to be very
stable in vitro when complexed with antigenic peptides, we have
incorporated a 13-residue polyalanine as the bound peptide of the
DQ molecules modeled, using the coordinates of the bound
hemagglutinin peptide HA306-318 in its complex with DR1.
Energy minimization was accomplished by the conjugate gradient
method. The minimization procedure went through 200 cycles. In
the first 30 to 40 cycles of energy minimization the energy of the
molecule dropped dramatically, while thereafter there were only
very small changes in the energy values. The force field used
included electrostatic terms in interactions up to 16 A. No account
was taken of the water molecules, as the high-resolution (2.75 A)
structure of HLA-DR1 on which modeling was based identified
only one water molecule within the antigen-binding groove. Water
molecules seem to play an important role as bridges between polar
side chains of amino acids in the antigen-binding groove of the
histocompatibility molecule and amide and carbonyl groups of the
bound antigenic peptide, as revealed in the high-resolution struc-
tures of H-2KP (Matsumura et al., 1992; Fremont et al., 1995),
HLA-DR1 with an HLA-A8 peptide (Stern, 1995), and I-EX with a
hemoglobin peptide (Fremont et al., 1996). For comparison pur-
poses the published structure of DR1 was subject to the same
minimization procedure yielding an average root mean square
(rms) deviation for all C, atoms of 0.52 A and for all atoms of
0.76 A. Pockets in the antigen-binding groove were tentatively
identified as depressions in the van der Waals representation of
the a1l domain. Graphical representations of the modeled
molecules were obtained on the Silicon Graphics Iris work station
using the program Insight II.

The hydrophobic profile of the various f49-56 and of eight or
longer residue stretches of water-soluble proteins of known three-
dimensional structure was calculated according to Engelman et
al. (1986). The search for membrane proteins containing an RGD
sequence in their extracellular domain was performed through
the EMBL data bank. The coordinates of the modeled structure of
HLA-DQA1*0101/DQB1*0501 will be deposited at the Brookhaven
data bank. These coordinates will in the meantime be provided to
interested researchers.

RESULTS

The overall modeled structure of the DQ molecules
is very similar to that of DR1 (Fig. 1). Indeed, in most
cases the very same amino acid residues in identical
positions interact with one another in order to produce
very similar biological effects, such as antigen binding,
«2B2 dimerization, and CD4 binding (Fig. 2). The mean
rms deviation between DR1 and DQA1*0101/B1*0501
is 0.51 A for all C, atoms, 0.58 A for all backbone atoms,
0.77 A for all heavy atoms, and 1.11 A for all toms.
Comparison of the coordinates of DR1 with those of
other DQ molecules generated gave similar results. The
many fine structural features of DQ molecules in the
antigen-binding groove, the homodimerization patch of
B49-56, the CD4-binding region, and the presence of a
novel RGD loop, which are probably in part responsible
for the distinct properties of these molecules, are ana-
lyzed below.
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Fic. 1. Stereo view of the overall structure of the extracellular part of a typical DQ molecule (allele DQA1*0501/B1*0302) as a
homodimer of two a heterodimers, obtained after amino acid substitution on the high-resolution coordinates of DR1 (Stern et al., 1994)
and energy minimization. The DQ molecule on the left has the B chain (light blue) toward the viewer and the « chain (purple) away from the
viewer, while the DQ molecule on the right has the « chain (red) toward the viewer and the 8 chain (orange) away from the viewer. The two
gray ribbons in the a1B81 domains are virtual antigenic peptide backbones from the actual coordinates of HA306-318 in its complex with
DR1. The antigen-binding a1p1 domain of each heterodimer consists of the two a-helices and eight 8 sheets that bind the antigenic peptide.
The two B49-56 dimerization patches are shown in yellow at the top. The o282 domain is below the 181 domain and contains the
CD4-binding region, the RGD loop, and several crucial contact residues for homodimerization (see Figs. 6 and 8 for greater detail). The
CD4-binding region on the B chains (3134-148 and 3180-189) is in light pink. There are two identical CD4-binding regions per homodimer
of heterodimers (one in front of the viewer and one on the opposite side of the homodimer). The two B167-169 RGD loops are in green at the
bottom of the figure. The plasma membrane of the cell bearing the DQ molecule starts about 10 residues below the RGD loop and is parallel
to the horizontal.

Fic. 4. Stereo view of the backbone tracing of the foreign antigen binding «1fl domain of the modeled structure of the
DQA1*0501/DQB1*0301 molecule, obtained after energy minimization (« chain in purple, g chain in light blue), as viewed from the top
downwards. The backbone trace of the mock antigenic polyalanine peptide (modeled initially from the coordinates of the influenza
hemagglutinin peptide HA306-318) (light gray) is shown for orientation pruposes. The amino terminus of the mock antigenic peptide is on
the left. The amino terminus of the a chain is at the bottom, while that of the B chain is at the top of the figure. Residues a65Asn, a72Asn,
and a79Arg and B57Asp, B61Trp, B81His, and B82Asn (all in space-filling representation, with their oxygen atoms in red and nitrogen
atoms in deep blue) are invariant in all DR and DQ molecules and point toward the peptide-binding groove, forming hydrogen bonds to
amide and carbonyl groups of the antigenic peptide. The first two residues of the mock antigenic peptide most probably form hydrogen
bonds with the amide nitrogen and carbonyl oxygen of residues a54 and «56, as in DR1 (Stern et al., 1994). For orientation purposes the
homodimerization sequence 349-56 is shown in yellow.
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The Antigen Binding Groove

The «1p1 domain of the DQ molecule exhibits the
basic fold of histocompatibility molecules, i.e., a
“floor” of eight B-pleated sheets bounded on two sides
by two antiparallel a-helices (Fig. 1, and Bjorkman et
al., 1987; Fremont et al., 1992; Brown et al., 1993).
There is a 55-60% identity in amino acid positionsin
the «1B1 domain of any DQ molecule, compared to
DR1. Within the various DQ molecules (14 allelic «
and 26 allelic B chains) there is a 75-80% identity in
this same domain (Figs. 2 and 3, and Brown et al.,
1988). Despite the polymorphism in both o« and B
chains of DQ alleles, all of the invariant residues
deemed crucial for forming hydrogen bonds to the
foreign peptide’s backbone in the case of DR1 are
found in the same positions in DQ (Stern et al., 1994,
and Fig. 4).Specifically, the residues a65Asn, a72Asn,
o 79Arg (62, 69, and 76 for DRa) and B61Trp, B81His,
and B82Asn are found in very similar orientations to
those as in DR1 and forming hydrogen bonds with
the same atoms from the mock antigenic peptide. In
addition, the peptide groups of amino acids 54 and
ab56 of DQ are oriented in a very similar manner to
those of DR (equivalent positions 51 and 53, respec-
tively), enabling the former to form hydrogen bonds
with peptide groups at the amino terminus of the
trapped antigenic peptide, as in DR1 (Stern et al.,
1994). The hydrogen bond formed in DR1 with the
antigenic peptide by residue «9GIn is not observed in
DQ as the equivalent position «l12 is occupied by
glycine. Likewise, position 371 in DQ is polymorphic
(mostly threonine, but also arginine or glutamate or
aspartate) which might be able to form hydrogen
bonds with the antigenic peptide, as B71Arg does in
DR1, depending on the peptide’s orientation. In DQ
molecules with aspartate in position B57, this resi-
due forms a salt bridge to the apposed a79Arg as in
DR1. Furthermore, two hydrogen bonds are formed
between these two residues and proximal amide and
carbonyl groups of the polyalanine mock antigenic
peptide. Indeed whenever the aspartate is presentin
B57 the mock antigenic peptide runs over the salt
bridge formed by this aspartate and the apposed

arginine. The bound peptide makes slight move-
ments in the groove, relative to the initial position of
HA306-318 in DR1, especially within the frame of
the second pocket, which is very deep in DQ mol-
ecules (see below).

The antigen-binding groove of the modeled DQ
molecules fulfills the “pocket” motif of this region for
class Il MHC molecules (Figs. 4 and 5, and Brown et
al., 1993; Stern et al., 1994). All the depressions in
the antigen-binding groove may not belong to pock-
ets, so the number of pockets and the residues
constituting each pocket may slightly vary depend-
ing on the nature of the antigenic peptide bound
(Stern et al., 1994). The first pocket in modeled DQ
molecules is outlined by residues a10, a27, a34, o35,
a46, B85, B86, B89, and B90, just as in DR1 (Figs. 2,
3,and 5A, and Stern et al., 1994). In the different DQ
molecules this first pocket may appear essentially as
one of four different combinations. When these com-
binations are looked at as pairs, the amphiphillic
and the hydrophilic pair, the only difference within
each pair is an a34Glu — GIn substitution. The
residues contributed by the DQa chain are either
identical to (35Phe, 46Trp) or smaller and more
hydrophilic («10lle — Ser, a27Phe — His, a34lle —
Glu or GIn) than those of the DRa chain. The
variability in the first pocket in the DQ molecules is
determined by the residues contributed by the 8
chain, which can be either 85Val, B86Ala (or Gly in
3/9 cases), p89Gly, and B90lle, or B85Leu, B86GIu,
B89Thr, and B90Thr. In the former case we have a
slightly larger and amphiphilic pocket (9 alleles),
and in the latter a slightly smaller and more hydro-
philic pocket that could have one positively charged
and one or two negatively charged residues (10
alleles). There are 7 alleles with unknown sequences
in this region (Fig. 3, and Marsh and Bodmer, 1995).

The second pocket appears as the most prominent
in DQ molecules (Fig. 5B). It is defined by residues
al2, al4, 811, 313,370, B71, 374, and 378, which are
the same residues that constitute the second pocket
in DR1, except a14 and B11. The latter two residues
(Asn and Phe, respectively) are actually the lower

FiGc. 5. Stereo view of the first, second, and fifth pockets in the antigen-binding groove of the modeled DQ molecule (DQA1*0501/
DQB1*0301). Van der Waals surfaces of the participating residues are indicated by dots. The residues from the a chain are shown in light
blue and those from the B chain are shown in light purple. The oxygen atoms of the residues are in red and the nitrogen atoms in deep blue.
Orientation of the pockets is identical to that of Fig. 4. (A) The first pocket of this DQ allele belongs to the hydrophilic variant. Note that in
many DQA alleles position 34 may be occupied by a glutamate instead of a glutamine, making the pocket more hydrophilic. The
amphiphilic variant of the first pocket has hydrophobic residues from the g chain, which are not as bulky, making the first pocket of such a
variant less shallow. (B) The modeled second pocket of the antigen-binding groove for the same molecule. Note that nearly all other DQB
alleles have Gly in position 13, making this pocket even deeper; furthermore, residues «12 and 78 are invariant in all DQ alleles, while
there is extensive variability in residues B70, 71, and B74. (C) The modeled fifth pocket of DQA1*0501/DQB1*0301. There are
polymorphisms in several positions («72 and 73, 89 and 57), but the pocket can generally accommodate residues of some bulk (e.g., Leu,
Glu). In DQB alleles with aspartate in position 857, instead of serine, valine, or alanine, the binding of acidic residues in this pocket is
probably hindered. By contrast, all DQ alleles not having Asp at 357 do allow the binding of an acidic residue at the fifth pocket. An alanine
or a valine at this position points downward and away from «79Arg (data not shown).
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DQA1%0103
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DQA1%0201
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DQA1*05011
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DQA1*05013
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DQA1*0601
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Fic. 2. Comparison of the amino acid sequences of DR1 and the known DQA alleles. There is ca. 55 and 65% identity in the o1 and «2
domains of DR1 and any DQA allele, respectively. Amino acids are in the one-letter code. DR1a has three amino acids less than DQa. The
numbering in the o chain refers to DQ. Code: (_) identity; (-) no amino acid in corresponding position; (.) residue unknown; (~)
intramolecular salt bridges (involved residues indicated in 1/2 cases by arrows below the ~ sign and a straight line linking the two residues
and showing the charge of each in a circle; the second case involves a79Arg and wherever possible B57Asp); (!) intermolecular hydrogen
bonds between HLA-DQ or -DR and the bound antigenic peptide; (*) residues forming the first pocket; (/\) residues forming the second
pocket; ($) residues forming the fifth pocket; (/) residues forming the CD4-binding region; (#) interacting residues in the «232 domain

stabilizing the homodimer.

boundaries of the pocket, since residues «12 and B13,
originating from the B-sheet floor and pointing up
toward the groove, are glycines (except in DQB1*0301,
0304, 06011, and 06012 that have an alanine at 313).
The glycine and alanine residues in these positions
are much smaller than the corresponding ones in
DR1 (GIn and Phe, respectively). As such they enable
this pocket to accommodate a bulky hydrophobic

residue. The last four residues of the pocket are very
polymorphic, yet no grouping of polymorphisms can
be made into variants of the pocket with distinct
physicochemical character. There are examples in
the literature, however, where these top residues
determine the nature of the amino acid bound in the
second pocket because of electrostatic considerations
(see Discussion below).
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Fic. 3. Comparison of the amino acid sequences of DR1 and known DQB alleles. There is ca. 60 and 70% identity in the g1 and 32
domains of various DQB alleles compared to the respective domains of DR1. Code as in Fig. 2. The two cystenes (14 and 79) forming a
disulfide bridge are shown as linked by a heavy line. (@) residues of the B49-56 dimerization patch; the 167-169 RGD tripeptide is in bold

type.

The depressions in the remainder of the antigen-
binding groove make for another three pockets at
most, which correspond to the pockets made by DR1
in complex with HA306-318. Equivalently positioned
residues participate in the formation of these depres-
sions that we tentatively identify as pockets. Of
these three depressions the last, corresponding to
pocket 5, appears as prominent and would probably
accommodate bulky hdrophobic residues, including

the aromatic ones, due to the tyrosine (17/21 alleles),
phenylalanine (3/21), or leucine (1/21) in position 9
instead of tryptophan of DR1 (Figs. 3 and 5C, and
Stern et al., 1994). Of the four residues contributed
to this pocket by DQa, those in positions 75 and 76
are invariably hydrophobic (lle or Ser for the former
and Leu, Met, or Val for the latter). This pocket also
contains the polymorphic residue 57 (Asp in many
but also Val, Ser, or Ala in the other DQ alleles).
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Fic. 3—Continued

Indeed, the character of the pocket changes dramati-
cally, as revealed by the comparison of this pocket in
DQ3.1 (A1* (0501/B1*0301) and DQ3.2 (A1*0501/
B1*0302), obtained through modeling: in the latter,
the B57Ala residue points downward and away from
the apposed «a79Arg, indicative of the stabilizing
attraction between Arg and Asp that is now partly
lost (data not shown). A similar shift is seen with
DQA1*0101/B1*0501 where B57 is a valine (data not
shown).

The three salt bridges that contribute to the
stability of MHC class | and class Il molecules in the
ala? and a1l domains, respectively, are invariant
in DQ molecules. These are formed between a7His
(a5 in DR) and a30Asp («27 in DR), B25Arg, and
B43Asp, and B72Arg and B76Asp (Figs. 2 and 3, and
Brown et al., 1988). Because of an amino acid
insertion in position 9 of the DQa chain, the distance
between a7His and «30Asp in the DQ heterodimer is
nearly double the corresponding distance in the DR1
and other DR molecules, thus diminishing the
strength of this interaction.

232 Dimerization Domain and the B49-56
Dimerization Patch

In the crystal structure of DR molecules and the
modeled structure of their DQ homologues there is a
major area involved in homodimerization within the
a2B2 domain and a lesser one in the g1 domain (Figs.
1-4 and 6). We examined the amino acid substitu-
tions in the dimerization patch of the 232 domain,
i.e., (a2), with (B2)g and (B2)a with (a2)g, Where A
and B denote two different DQaf heterodimers
forming a homodimer. In the « chain there are two

conservative substitutions (¢161E — D, 184D — E),
one semiconservative («114K — N) and one noncon-
servative (a160T — A), while the remaining five
amino acids involved in the stability of the ho-
modimer of heterodimers are intact. Four of the five
residues from the B chain involved in the «a2B2
homodimer formation remain unchanged, while there
is a conservative substitution, 105K — R (Figs. 3
and 6). The contacts between the various residues in
the (a2)g and (B2), domains are very similar to those
observed in the homodimer of DR1 heterodimers
(Figs. 2, 3, and 6). There is also one interaction
between four amino acid side chains of the two o2
domains involving two «91Glu and two «l114Asn
residues. All four side chains are located in the
interior of the homodimer and oriented in a way to
assure maximum hydrogen bonding and minimal
repulsion between negatively charged glutamate
side chains (Fig. 6). The importance of the residues
in «114 has been questioned, however (Goodman et
al., 1995, and Discussion, below).

The second site of dimerization interaction in DR
molecules [(B49-56), ... (B49-56)g] has a totally
different sequence in the DQ counterpart (Fig. 3).
The sequence is invariant in 138/141 DRB1, B3, and
B5 alleles (Marsh and Bodmer, 1995). Of the four
residues making the homodimer contact in DR,
B49Ala, 51Thr, 52Glu, and 55Arg, the first two
remain unchanged in all DQB alleles known to date.
The glutamate residue of DRB52 is changed to
proline in 24 DQ alleles and to leucine in 2 alleles,
while B455Arg is unchanged in 18 DQ alleles, but
changed to leucine in 2 and to proline in 6 other
alleles (Fig. 3). Consequently, the four salt bridges
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TABLE |

Hydrophobicity Profile of the DQBR49-56
Dimerization Sequence

Free energy of
transport to a
hydrophilic
environment

Number (per residue)
Protein Sequence of alleles kcal/mole
49 56

DR AVTELGRP 48 —-11.5(—1.34)
DQ

1. PQ 16 —10.4 (—1.30)

2. L L 2 +14.6 (+1.82)

3. TP P 6 +8.6 (+1.08)

4 TP L 2 —0.5 (—0.06)

Note. Calculated from the hydrophobicity—hydrophilicity scale
provided by Engelman et al. (1986).

between the two B52GIlu and the two apposed B55Arg
that promote the stability of the DR homodimers in
this region are nonexistent in DQ molecules. Further-
more, in the 8 latter cases of proline or leucine at
position B55, a leucine is present in 53, adding to
the hydrophobicity of the patch (Table 1). In fact, a
plot of the hydrophobicity values using an eight-
amino-acid stretch window, and starting from DQB44
up to and including DQR58, shows that in all DQ
alleles the sequence B49-56 is the most hydrophobic
compared to neighboring octapeptide sequences (Fig.
7). Comparison of the hydrophobicity of this B49-56
patch with other peptide stretches known to partici-
pate in dimer or oligomer formation (e.g., hemoglo-
bin S contact tetrapeptide, NF-kB p50 dimer contact
amino acids in all but one cases, TNFa trimer
contact regions, etc.) shows that the hydrophobicity
values of the latter are equal to or less than the
hydrophobicity values of DQBR49-56 in the hydropho-
bic alleles, i.e., groups 2 and 3 (Tables I and II).

The CD4-Binding Region

This region has been identified in part by site-
directed mutagenesis and peptide binding as the
sequence 3134-148 on DR molecules (Konig et al.,
1992; Cammarota et al., 1992) and shown by crystal-
lography to reside on the surface of the g2 domain of
DR1 (Brown et al., 1993). It probably contains as well
apposed residues from the « chain of the second DR
molecule in the homodimer (Brown et al., 1993), as
corroborated by site-directed mutagenesis in se-
lected residues from the mouse MHC class Il «2
domain (Konig et al., 1995). Indeed, in the ho-
modimer of heterodimers residues from (32), and
(a2)g on one side and from (a«2), and (B2)g on the
diametrically opposite side form two identical grooves
per homodimer of DR or DQ molecules (Figs. 1 and

20T

10

-10-

-204

HYDROPATHY INDEX (Kcal/mole)

-30 T T T T )
42 44 46 48 50 52

AMINOACID POSITION

Fie. 7. Hydropathy plot of the amino acid sequences around
the B49-56 dimerization domain. A window of eight amino acids
were used. The hydropathy scale was from Engelman et al. (1986).
The DQ allelic groupings are as shown in Table 1. ((0) DR (<)
DQB group 1; (O) DQB group 2; (A) DQB group 3; () DQB group
4. Some of the alleles in DQB group 1 would have respectively
values of —9.4, or —11.4 kcal/mole for position 50, as they have
respectively valine or serine instead of aspartate in position 57;
likewise, the respective values for position 51 would be —10.4 and
—12.4 kcal/mole. In DQP group 3, the aspartate instead of alanine
in position 857 would make the hydrophobicity value for positions
50 and 51 be —1.6 and —2.6 kcal/mole, respectively.

8). The corresponding sequence in DQB molecules
has three or four nonconservative substitutions:
135Gly — Asp, 139Lys — Thr, 140Ala — Thr (in 6/12
alleles with known sequences in this region, al-
though this same substitution also occurs in about
half of DR alleles as well (Marsh and Bodmer, 1995)),
and 146Gly — Pro (Fig. 3). The modeled loop of this
region in the DQ molecule shows that these substitu-
tions do not alter the overall structure as defined in
the DR1 molecule (Fig. 7). There are only two
nonconservative substitutions in the apposed « chain
residues participating in the formation of the CD4-
binding region: 130 Pro — Ser and 175Glu — Gln or
Lys in some alleles (numbering in DQa terms), while
other DQ alleles retain the glutamate residue.

In a study just published, Fleury et al. (1995) have
documented the involvement of the B-sheet segment
DRB180-189 in the binding of the CD4 molecule to
DR, by pointing to dramatic differences in binding,
arising from polymorphisms of various DR alleles in
this region. Indeed this stretch is in B-pleated sheet
conformation in DR and modeled DQ molecules (Fig.
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Fic. 6. Stereo view of the a2B2 dimerization domain in the DQ homodimer. Shown on the left of the figure is the backbone of the 32

domain of one DQ molecule (orange), on the top part a section («80-120) of the a2 domain of this same molecule (red), and on the right the
a2 domain of another DQ molecule (purple). To indicate that this structure originates from two heterodimers in a homodimer, the residues
of the heterodimer in the left are starred («* or B*). The crucial residues participating in the formatiuon of the homodimer are shown as van
der Waals surfaces, with the carbon atoms having the colors of the respective chains from which they originate. In these residues, oxygen
atoms are depicted in red and nitrogen atoms are depicted in deep blue. For clarification purposes not all residues participating in these
interactions are labeled.
Fic. 8. Stereo view of the CD4-binding region of the DQ homodimer and the RGD loop. The orientation is identical to that of Fig. 6 and the
picture concerns the identical backbone of the molecules. Color and numbering conventions are identical to those for Fig. 6. The crucial
amino acids considered to be participating in CD4 recognition (Fig. 3) are shown as van der Waal surfaces. The CD4-binding stretches of
B*134Asn to B*148lle and 3*180 Leu to B*189 Arg are demarkated by their first and last residues. The residue B*137Glu considered crucial
for CD4 binding is also identified. Also identified are three residues from the apposed «2 domain of the other heterodimer, shown by
site-directed mutagenesis to be crucial for CD4 binding by MHC class 11 molecules (Konig et al., 1995). The three residues in the 3*167-169
RGD loop are identified individually.
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TABLE 11
Hydrophobic Sequences on the Exterior of Oligomeric Water-Soluble Proteins

Hydrophobicity

Protein Region Sequence kcal/mole
Hemoglobin SB Hydrophobic patch 3-6 LTPV +6.4
Hemoglobin AR Counterpart 3-6 LTPE —-4.4
Retinoid X2 receptor o Heptad repeat No. 9 418-425 LLLRLPAL 3.1
NF-kB p50P Homodimerization region 267Y, 310V, 269L, 251V 9.6

304H, 308A, 307F
Serum response element® Homodimerization region 180-188 TQVLLLVA 12.3
TNFa/gd Trimerization region 12-18 PVAHVVA 7.2
29-35 PAAHLIG 6.9
55-64 LYLIYSQVLF 12.9
71-80 IYFVYSQVVF 134
117-124 PIYLGGVF 13.3
131-138 SMYHGAAF 7.2
144-157 FAESGQVYFGIIAL 11.6
159-172 LSPST-VFFGAFAL 25.7
Tick-borne virus glycoproteins® Homodimerisation region 257-268 LGDQTGVLLKAL —55
Interdomain contact 99-108 RGWGNH(G)CGLF —6.7 (—=2.7)
Human serum amyloid P Pentamerisation regions 111-118 TPLVKKGL -7.0
194-203 YVIIKPLVWV 9.0

a Bourguet et al. (1995).
b Ghosh et al. (1995a).
¢ Pellegrini et al. (1995).

d Eck and Sprang (1989) and Banner et al. (1993). In each homologous sequence pair the top line refers to TNFa sequence and the bottom

line to TNFB sequence. —, no amino acid in corresponding position.
¢ Rey et al. (1995).
fEmsley et al. (1994).

8), in a direction that is antiparallel to that of
140-148. All 13 DQB alleles with known sequences
in this region differ from the vast majority of DR
alleles in several residues: 3180 (Leu — Val), 181
(Thr — GIn), B182 (in 6/12 there is a Ser — Asn
substitution), 3184 (Leu — lle), and 185 (in 4/12
thereisa Thr — lle substitution) (Figs. 3 and 8). The
substitutions in the various DQ alleles in the stretch
of B180-189 do not invovle the same residues as in
the case of the nonbinding of DR alleles in the study
of Fleury et al. (1995). They do nonetheless affect
some of the same positions (e.g., 3180 and 3181).

The 8167-169 RGD Loop

Ten of thirteen DQB alleles with known sequences
in the B2 domain have an RGD loop in position
B167-169 (Figs. 1, 3, and 8). Such loops are promi-
nent in many proteins of the cell membrane or the
extracellular matrix that participate in cell adhesion
interactions (integrins, etc; see Hynes, 1992, for a
review). The orientation of the arginine and aspar-
tate residues in the RGD loop of modeled DQ mol-
ecules is such that the two residues are part from
each other and not in a position to directly form a salt
bridge (Fig. 8). The other three alleles with known
sequences in the B2 domain have a B167Arg — His
substitution, yielding a sequence with no known cell

adhesion function. This RGD loop is located about 10
amino acid residues above the plane of the plasma
membrane of the cell bearing the DQ molecule. A
search through the EMBL data bank has shown that
404 membrane proteins (integral or peripheral) from
all species have RGD sequences, and of these 42
integral membrane proteins contain one or more
RGD tripeptides in their extracellular domain. Many
of the latter proteins so identified have a well-known
role in cell adhesion via interactions of such RGD
sequences with integrins or other proteins of the cell
membrane and extracellular matrix (e.g., fibronectin
and vitronectin). A considerable fraction of these
integral membrane proteins are bona fide receptors
(Ouzounis, Eliopoulos, and Papadopoulos, in prepa-
ration). We did not identify any other cell adhesion
peptide sequences (e.g., DGEA, or EILDV, or GPRP,
or KQAGDYV, according to Hynes, 1992) in any of the
DQap allelic sequences.

DISCUSSION

The modeled structure of the human class Il
histocompatibility antigens HLA-DQ shows many
similarities to the crystallographically determined
structure of its homologue DR1, yet with several
distinct differences. These differences are propably
of fucntional importance. The antigen-binding groove
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has nearly the same strategically positioned polar
residues on the two a-helices oriented in a way to
form hydrogen bonds with amide and carbonyl groups
of the trapped antigenic peptide. Thus the nonspe-
cific manner of binding to the antigenic peptide
backbone exhibited by HLA-DR molecules is main-
tained in all HLA-DQ molecules known. The specific-
ity in antigenic peptide binding is provided by the
various pockets that are formed within the groove.
Our modeling shows that the physicochemical char-
acter of the groove in DQ molecules is different from
that of DR, accommodating thus a different peptide
motif. In particular, we find that the most prominent
pockets in the groove are the second and the fifth.
The second pocket accommodates a variety of resi-
dues, mostly hydrophobic ones because of its hydro-
phobic floor; yet, depending on the amino acids at
positions B70, B71, and B74 (all positions polymor-
phic in DQB) that line the “mouth” of this pocket,
different residues might be accommodated. The fifth
pocket is as large as if not larger in DQ than its
counterpart in DR1, since position B9 of the former is
occupied by Tyr, Phe, or Leu, compared to Trp for the
latter (Fig. 5C). Occasionally the fourth pocket also
appears prominent, yet smaller in size than the
previous two. By contrast, the first pocket in DQ
molecules is not large enough to be an anchor, as it is
in DR molecules. Furthermore, it is dimorphic, being
either amphiphilic or hydrophilic with modifications
in each case depending on the residue occupying
position a34. The peptide sequences that would be
expected to bind the DQ molecules would have a
bulky hydrophobic residue (anchor(s)) in relative
position 3 or 4 and/or 9 and a hydrophilic or amphi-
philic residue in relative position 1. These conditions
need not all be satisfied in one peptide. As already
shown in the case of DR1 and the HA306-318
antigenic peptide, the very tight fit of 308Tyr in the
first pocket of DR1, overcomes the energetically
unfavorable binding of some of the other peptide
residues in the remaining pockets of DR1.

Results consistent with the physicochemical char-
acter of the DQ-antigen-binding groove that we
propose from our models have been obtained by pool
sequencing of peptides eluted from DQ7: there was a
clustering of hydrophilic residues in peptide relative
position -2 (corresponding to our position 1) and
anchoring with bulky hydrophobic residues in their
position 1 (corresponding to our position 3) (Falk et
al., 1994). The other secondary anchors were relative
positions 5 and 7 (corresponding to our positions 7
and 9, respectively). In addition, the individual
sequencing of six intact peptides isolated from the
groove of DQ7 shows that such peptides fit the basic
pocket motif outlined here and have residues extend-
ing on either side of the groove. Furthermore, measur-

ing the binding of selected peptides to purified DQ
molecules as shown that the key residues from the
antigenic peptide that determine binding are in the
middle, corresponding to anchoring in the second
pocket (Sidney et al., 1994; Sinigaglia, 1995). Very
recently binding studies to select DQ alleles showed
that differences in only a few residues of the « or the
B chain (the other chain being identical) could result
in selective binding of three different antigenic pep-
tides (Kwok et al., 1995). The authors pointed out
that most of the differing DQ« residues are located
in positions of presumed pockets (by analogy to DR1,
e.g., B57); we in fact find nearly all such residues to
occupy positions in pockets. The results of these
studies have been confirmed by testing the binding of
antigenic peptides from the putative diabetes autoan-
tigen of glutamic acid decarboxylase, GAD (Baek-
keskov et al., 1990), to select DQ molecules involved
in the susceptibility to or protection from type 1
diabetes (Kwok et al., 1996a,b). It was found that
peptide p34 (IARFKMFPEVKEK) from human
GADG65 bound to DQA1*0301/B1*0302 (DQ3.2) but
not to DQA1*0301/B1*0301 (DQ3.1). The two alleles
differ in four positions only in the «11 domain, i.e.,
B13G — A, B26L — Y, B45G — E, and B57A — D, all
except the third within the antigen-binding groove.
By testing variant peptides substituting different
residues at each position it was found that many
single substitutions were allowed, except arginine at
positions 1, 4, 6, and 9. Also, only Glu or Asp was
allowed in position 9 (Kowk et al., 1996a,b). How-
ever, a change of F — A in position 4 of the peptide
maintained binding to DQ3.2, without any binding
to DQ3.1 or DQ3.3. Furthermore, a change of 9 — A
in the peptide allowed binding to DQ3.3 (DQA1*0301/
B1*0303) and abolished binding to DQ3.1. The DQ3.3
allele differs from the DQ3.2 allele by the B57A — D
substitution. Allowing both substitutions (4F — A
and 9E — A) maintained binding to DQ3.3, allowed
binding to DQ3.1, and abolished binding to DQ3.2.
These results are explained only if the pockets are at
peptide positions 1, 4, 6, and 9. Having acidic resi-
dues in B45(E) and B57(D), as in DQ3.3, dramati-
cally changes the electrostatic potential of the DQ
molecule (Sanjeevi et al., 1995), thus not permitting
the 9E of the peptide (negatively charged) to be
accommodated in the fifth pocket; the change of
9E — A permits binding of this mutant peptide to
DQ3.3 and potentially to DQ3.1. In DQ3.2, the
change of 357 to A reduces the repulsive electrostatic
effect, so 9E is accommodated well in the fifth pocket;
also, 4F fits well in the second pocket. In DQ3.1 the
B13A residue of the second pocket does not permit
accommodation of 4F from the peptide, something
allowed when this peptide residue is changed to A.
These results are consistent with the pocket motifs
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of DQ proposed here as a result of our modeling
studies. They do show that in DQ binding there is no
dominant pocket, but rather a concert of at least two
such residue-binding pockets that may determine
peptide binding. By contrast, all DR molecules (Jar-
detzky et al., 1990; Falk et al., 1994; Marshall et al.,
1994; Stern et al., 1994; Stern, 1995; Ghosh et al.,
1995b) show preference for peptides where relative
position 1 (anchor) is occupied by an aromatic resi-
due, or an aliphatic residue, depending on the amino
acid in position 86: glycine favors the former, while
valine the latter (Verreck et al., 1993). The other
pockets of DR molecules do not seem to achieve the
prominence of the first one (Stern et al., 1994, Stern,
1995; Ghosh et al., 1995b), although the fifth pocket
can accommodate a bulky hydrophobic residue such
as leucine (Stern et al., 1994). Occasionally however,
strong electrostatic considerations may give a pocket
considerable prominence. For example, the autoim-
mune disease pemphigus vulgaris in Ashkenzy Jews
is linked to the allele DRB1*0402, which contains
two negatively charged residues, B70Asp and 71Glu,
in its second pocket. The peptides from the desmo-
glein 3 autoantigen that specifically bind to this DR
allele contain a lysine or an arginine in relative
position 4 (second pocket). Thus, it is extremely
attractive for the particular antigen peptides to dock
a lysine or an argine at this position (Wucherpfennig
et al., 1995). Similarly, the molecule DQA1*0501/
B1*0201 (DQ2), linked to coeliac disease in the
Caucasian population, prefers an acidic residue at
the second pocket, since positions 70 and 71 are
occupied by Arg and Lys, respectively (van de Wal et
al., 1996).

The ability of DQ molecules to form homodimers of
heterodimers is modulated by the presence of the
polymorphic patch 349-56.The preponderance of in
vitro experimental work points to the activation of T
lymphocytes and MHC class Il-bearing antigen-
presenting cells as mediated by cognate receptor
recognition and subsequent receptor dimerization
(Janeway, 1992; Brown et al., 1993; Racciopi et al.,
1993; Konig et al., 1995). The two hydrophobic
variants of the B49-56 patch would tend to form
dimers spontaneously by analogy to the situation
with hemoglobin S, where the hydrophobic stretch
B3-6 is well matched with the exposed hydrophobic
stretch in the o chain of the deoxy state of the
molecule (Noguchi and Schechter, 1985). On a per
residue basis, this 49-56 patch in the two hydropho-
bic variants of DQ alleles is a hydrophobic as the
intramembranous parts of integral membrane pro-
teins (1.1-1.8 kcal/mole/residue for 22-residue
stretches, Stryer, 1995). Our search of water-soluble
proteins, or fragments thereof, with known three-
dimensional structure has revealed few 8-residue

stretches of comparable hydrophobicity exposed to
the solvent (Table Il). Such sequences were found in
the dimerization stretches in the exterior of several
water-soluble transcription factors (NF-kB p50
(Ghosh et al., 1995a, and Muller et al., 1995), human
serum response ractor (Pellegrini et al., 1995), reti-
noic acid-binding protein (Bourguet et al., 1995)), the
dimerization sections of tick-borne virus envelope
glycoprotein (Ray et al., 1995), the trimerization
patches of TNFa and TNFB (Eck and Sprang, 1989,
and Banner et al., 1993), and the pentamerization
patches of human serum amyloid P (Emsley et al.,
1994)) (Table II). Thus, the hydrophobic DQR49-56
patches would be expected to promote homodimer
formation by virtue of their hydrophobicity. The
amphiphilic and hydrophilic variants of this patch
are positively charged, making the self-association
into homodimers problematic. T lymphocyte recep-
tor recognition could overcome the repulsion of ar-
ginines in the case of the amphiphilic variant be-
cause of the van der Waals interactions among the
several leucine residues within the patch (Routsias
and Papadopoulos, 1995). In the hydrophilic variant
of the patch the T lymphocyte receptor might also
perform a similar function, but here the tendency of
the two patches to remain apart is greater because of
the positive charges on B55Arg. The «2B2 ho-
modimerization domain in all DQa«p alleles is nearly
identical to that of DR1. Thus, in those alleles with
hydrophobic B49-56 sequences, spontaneous dimer-
ization via this patch could induce a like process in
the «2B2 domain; dimerization induced by the T
lymphocyte receptor would be well promoted in these
alleles. By contrast, the remaining DQ alleles would
probably have homodimerization in both regions
induced with some difficulty by T lymphocyte recep-
tor, with those having arginine in position B55
showing the greatest difficulty to do so.

There are no polymorphisms in the residues of the
« and the B chains responsible for the a2B2 interhet-
erodimer contacts (Figs. 3 and 4), except for position
DQal160, where one allele (A1*0302) has an aspar-
tate and another (A1*0503) a serine, instead of
alanine as in the other seven alleles with known
sequences in the a2 domain. Furthermore, in com-
parison to DRaf, of the 15 residues maintaining
these interheterodimer contacts there is only one
conservative substitution (DQal161E — D), one semi-
conservative (DQal114K — Q), and a nonconserva-
tive one (DQal60T — A). The glutamate residue in
position DRa88 (DQa91) has been shown by site-
directed mutagenesis as essential for activation of T
lymphocyte clones, presumed to be via dimerization
(Goodman et al., 1995). The mutated DRa91Glu —
Ala allele can still bind antigen and form an of
heterodimer; thus, the defect in T lymphocyte activa-
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tion probably rests in the inability of such a mutant
to form a homodimer of heterodimers. By contrast, a
mutation in DRalllLys — Ala or Glu does not
abrogate the ability of the DR molecule to activate T
lymphocyte clones. This is indirect evidence that the
semiconservative substitution at the equivalent posi-
tion in all DQu alleles compared to DRa (Lys — GIn)
does not affect the ability of DQaB to form ho-
modimers.

There are three or four amino acid substitutions in
the first identified CD4-binding stretch of 3134-148
in DQ alleles, in comparison to DR1. The substitu-
tions are in positions not shown to be crucial for CD4
binding by site-directed mutagenesis. The latter
showed Glul37 and Vall43 to be of the essence,
while a threonine to alanine substitution at position
140 showed no change in affinity for CD4 (Konig et
al., 1992). It appears from the available evidence
that CD4 binding to MHC class Il molecules is
promoted by their homodimerizatiuon, and the resi-
dues on DQa apposed to the 3134-148 stretch are
probably of importance in this process (Konig et al.,
1995, and Fig. 8). The differences between the vari-
ous DQA alleles in these positions and the correspond-
ing residues from DRa are very few (Fig. 2). The
recent finding that the peptide stretch from DR3180
to 189, especially the residues in positions 180 and
181, contributes significantly to DR binding to CD4
raises the possibility of differences in binding to CD4
by DR compared to DQ alleles, as there are several
substitutions in this region in the DQ alleles (Fig. 3).
These substitutions are not conservative, and in
some DQ alleles they encompass 5/10 residues in
this stretch. Only binding experiments will deter-
mine the effect of these replacements on CD4 liga-
tion and subsequent T lymphocyte and antigen-
presenting cell activation events. In another set of
experiments Huard et al. (1995) have shown that the
interaction of soluble human CD4 with HLA-DR
molecules on Daudi (B-lymphoid-like) cells has an
affinity of 3 uM, while the affinity of lymphocyte
activation gene (LAG)-3, also in soluble form, for
HLA-DR is much higher, ca. 60 nM. The latter gene
product was shown by these authors to compete with
CD4 for the interaction with HLA-DR molecules.
However, no such competition was observed on CD4-
restricted T lymphocyte clones that were specific for
HLA-DR plus peptide antigen. These results are
consistent with the interpretation that in intact cells
the ligation of T lymphocyte receptor with HLA-DR
renders the interaction of the latter, and by exten-
sion of HLA-DQ, with CD4, immune from competi-
tion with LAG-3.

The necessity of HLA-DR homodimerization for
cognate T lymphocyte activation was further docu-
mented by showing that stable binding of CD4 to

MHC class Il molecules is observed when the former
oligomerize via their membrane proximal extracellu-
lar domains D3 and D4 (Sakihama et al., 1995). The
biological importance of the homodimerization of
MHC class Il a3 heterodimers had been established
in part from earlier studies, where cross-linking of
these molecules on B lymphocytes with specific
antibodies led to the activation of these cells, while
no such effect was observed with the monovalent
fragment of the same antibodies (Mooney et al.,
1989; Lane et al., 1990; Koulova et al., 1991). It
seems that there is a variety of cell surface receptors
(e.g., human growth hormone receptor (de Vos et al.,
1992), several growth factor receptors (Brugge, 1994),
and cytokine receptors (lhle et al., 1994)) that upon
ligand binding must undergo homodimerization in
order for signal transduction to take place.

The B167-169 RGD loop exhibited by 10/13 DQR
alleles with known sequences in this region requires
further investigation. Such loops have been shown to
be of essence in the interaction of several cell adhe-
sion molecules (vitronectin, fibronectin, tenascin
(Leahy et al., 1992) with their cell surface ligands
called integrins (Hynes, 1992)), as well as natural
inhibitors of this process (mainly snake venoms
under the name of disintegrins (Saudek et al., 1991;
Adler et al., 1992)). In all the cases where the
three-dimensional structure of the molecule is known,
the tripeptide was in a loop structure (Leahy et al.,
1992; Haas and Plow, 1994). Furthermore, linear
RGD tripeptides do not inhibit this process as well as
cyclical RGD peptides (Samanen et al., 1991). When
RGD loops were engineered at turns of the polypep-
tide chains of lysozyme (a protein with no function in
cell adhesion), the mutein inhibited the interaction
of fibrinogen with integrin o,,B3; at nanomolar con-
centrations (Yamada et al., 1994). A recent compari-
son of the conformation of RGD loops from three
different proteins involved in cell adhesion showed
that in general the Asp and Arg residues are kept
apart from each other (Grimes et al., 1995), as is the
case here with modeled HLA-DQ structures (Fig. 8).
This sequence is also found in rat and swine MHC
class Il proteins (RT1.B and SLA-DQ, respectively)
in equivalent positions to DQR167-169 (Holowa-
chuck and Greer, 1989; Gustafson et al., 1990).
Whether this RGD loop confers upon the DQ mol-
ecules that possess it the ability to participate in cell
adhesion interactions is a matter for further investi-
gation. While the loop occurs only 10 residues above
the membrane plane of the cell bearing the DQ
molecule, it is known that integrins, the primary
RGD ligands, have an extracellular arm that is
nearly 200 A long (Hynes, 1992). This is greater than
the distance between the antigen-presenting cell and
a T lymphocyte, when these two cells make contact
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via the MHC—peptide complex and the T lymphocyte
receptor molecule (where the extracellular portion of
each of these molecules is nearly 75 A long (Brown et
al., 1993; Fields et al., 1995)).

The HLA-DQ molecules are expressed in distinct
areas of the human fetal thymus and probably
function as restriction elements for CD4+ T lympho-
cytes (Janossy et al., 1986). Furthermore, the percent-
age of T lymphocytes in human peripheral blood that
recognize antigen presented by HLA-DQ molecules
is remarkably high (Fujisawa et al., 1991). So the
guestion remains of the mode of action of these class
Il histocompatibility proteins as they are implicated
in such diverse processes as autoimmunity and
immunosuppression. There are several implications
of the modeling results for the DQ molecules concern-
ing the immunological function of the latter. It is
obvious from our studies that DQ molecules require
a different peptide motif for binding from that of DR
molecules. The spontaneity of homodimer formation
in some DQ alleles probably signifies a fast response
to given antigenic peptides, once the DQ molecule
has been loaded with the peptides. By contrast, DQ
alleles that have difficulty in forming homodimers
probably do not activate cognate T lymphocyte recep-
tor ligands as well. The RGD loop probably adds a
cell adhesion function to many DQ alleles, perhaps
strengthening the interaction of antigen-presenting
cells with cognate T lymphocytes or perhaps with
other cells that might interact with DQ-bearing
antigen-presenting cells (Routsias and Papadopou-
los, 1995). Two studies have correlated well the
surface electrostatic potential of the a1l domain
and polymorphic structural features of the extracel-
lular part of the molecule to susceptibility or domi-
nant resistance of HLA-DQ alleles to type 1 diabetes
(Sanjeevi et al. (1995) and Routsias and Papadopou-
los (1995). It should be added however, that the short
cytoplasmic tails of DQa and B chains are very
different from their counterparts in DRa and B
(Marsh and Bodmer, 1995), signifying perhaps differ-
ent mechanisms of signal transduction once recogni-
tion by T lymphocyte antigenic receptor and dimer-
ization is in place. Furthermore, allelic differences in
the gene regulatory sequences of DQA and DQB
genes have been recorded (Andersen et al., 1991;
Morzycka-Wroblewska et al., 1993; Woolfrey and
Nepom, 1995). The level of expression of DQ alleles
could very well influence their functional capacity in
a given antigenic response. The concert of these
structural subtleties probably constitutes the es-
sence of the functional differences between HLA-DQ
molecules and other human class Il molecules of the
major histocompatibility complex.
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