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A complex between HLA-DR3 and a fragment of invariant chain cailed CLIP was isolated from
a human cell line defective In antigen presentation and its X-ray crystal structure determined.
Previous data indicate that this complex is an Intermediate in class Il hisiocompatibility matura-
tion, occurring between invariant chiin-DR3 and antigenic peptlde-—Dﬁs complexes. The struc-
ture shows that the CLIP fragment binds to DR3 In a way almost ldentical to that in which
antigenic peptides bind class 1l histocompatibility glycoproteins. The structure is the substrate
for the loading of antigenic peptides by an exchange process catalysed by DM.

Crass II histocompatibility membrane glycoproteins (wf} bind
antigenic peptides in endosomal compargments .of antigen-
presenting cells for ‘presentation’ at the cell surldce to T cells.
A second membrane glycoprotein, invariant chain (Ii}, com-
plexes with o} in the endoplasmicircticulum to stabilize it in the
absence of & bound peptide and to target it to the endocytic
pathway (reviewed in vef. 1). Ti, which blocks the binding of
antigenic peptide to wp, is removed from of by stepwise proteo-
lysis in endosomes beflore antigenic peptide loading, In scveral
cells defective in antigen presentation, complexes of off with a
nested set of 20-24 residuc i fragments {within residues 81-
104} called CLIP {class T assoclated invariant chain peptide)
accumulate at the celf surface? °, raising the possibilily that of-
CLIP is an intermediate in class T molecule maturation® ®, The
observations that in vitro proteolysis of afli isolated rom cells
generates off-CLIP, and that pulse-chase cxperiments in cells
demonstrate the transicnt formation of uf-CLIP, arc further
evidence that af-CLIP is an intermediate that is generated natu-
rally during class 11 maturation®”’.

The CLIP scgment of Ti has been implicated in several of the
activitics of Ti, Genetic truncation and deletion experiments™
demonstrate that the CLIP scgment is necessary for the in vive
activities that promote off assembly and stabilize «ff dimers
against permanent aggregation with chaperones in the endo-
plasmic reticulum. The CLIP segment is also necessary for the in
pitro 1i activity of inhibiting peptide binding to u*'". Differing
affinities of CLIP for different alleles of DR and unalysis of the
binding of substituted CLIPs™'"""* provide compelling evidence
that CLIP binds in the aff peptide binding site. However, alterna-
tive allosteric models have been proposcd®, and studics of a
mutant class Il molecule' and the inhibition motif of a short
(92-104) fragment of CLIP" have been interpreted (o favour
an alternative mode of binding,

Various cell lines deficient in antigen presentation have been
shown to lack HLA-DM'*", which is an MHC-cncoded protein,
The accumulation of DR3-CLIP on the surface of these cells
suggests that DM is required to remove CLIP from DR3 in
endosomes so that antigenic peptides are able to bind'“", DM
has recently been shown to stimulate the release of CLIP from
class [T MHC in vitre'® **, The peptide relcase cllect of DM is
limited to CLIP and to at least onc other peptide'®, and docs
not cxtend to all peptides.

We have purificd DR3-CLIP from a ccll line deficient in anti-
gen presentation®’ that lacks DM'®Y, and determined its struc-

§ To whom correspondence should be addressed,
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ture from crystals grown at the pH (4.5) of endosomes. The
structure reveals that CLIP. occupies the peptide binding site and
binds in a way almost identical to the way in which a peplide
antigen, influenza virus haemagglutinin (FIA 306-318), binds to
DR1 (ref. 22), The contacts between DR3 and CLIP suggest
that the CLIP segment of Ii would stabilize most class 11
molecules almost as much as an antigenic peptide. We measured
the half-life of CLIP bound to DR3 (at 37 °C, pH 4.5) to be
almost 4 hours, long cnough to require an cxchange process,
such as thal mediated by DM, 1o remove CLIP from most sub-
types of ¢lass 11 MHC before antigenic peptides can bind in vivo.
The conformation of DR3 in the DR3-CLIP complex is only
slightly different from that of DR1 in DRI-HA, although it is
sufficient to cxplain antigenic differences without recourse to
allosteric transitions or novel conformations. We show that the
structure observed here is the substrate for the DM exchanger,
limiting the possible mechanisms for the catalytic activity of
DM.

CLIP occupies the peptide binding slte
The X-ray crystal structure of DR3-CLIP was determined by
molceular replacement. Details of the structure determination
{Fig. la) and refinement are presented in Table L.

The peptide binding site of DR3 is filled with 4 conlinuous
secgment of clectron density, indicating that CLIP binds in the
sitc normally occupied by peptide antigens®™ ** (Fig. 15). CLIP
does not appear to bind to other sites on DR3, as no substantial
cleciron density is observed that is not due to DR3, carbohydrate
or water. The excellent quality of the peptide electron density
shows that the DR3 is occupied almost exclusively by CLIP. Of
the 24 residues in CLIP (181 M104), 15 are visualized in the
binding sitc (P87 A101), whereas 4-5 residues at the amino ter-
minus and 2 3 residues al the carboxy terminus extend out of
the site and are presumably disordered in the crystal (Fig. 14,
Table 2).

The composition, stability and ability for peptide cxchange
of DR3-CLIP, which was derived from DM-deficient cells and
solubilized with papain, arc comparable to those of DR3-CLIP
complexes reported previously” ®. Three peptides have been
shown by mass spectroscopy lo predominate in both DR3
recovered from crystals and in DR3 solubilized by papain
digestion beforc crystallization: P82-M104, P82-P103, and
KB3-P103 (Fig. 1h; Table 2). They arc among the major
forms of CLIP eluted rom DR3 on the cell line deficient in
antigen presentation™. Only small quantitics of peptides with
the first amino acid of CLIP (81L) were obscrved after papain
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TABLE 1 Structural analysis and refinement

Crystallographic data Refinement results

Resolution (A) 15-2.75 3-2.75 6-2.75
Independent
reflections 13,021 2,876 Reflections 11,772
Multiplicity 3.2 3.0 Atems 3,095
Completeness (%) 96.9 97.2 Rree T 32.5%
Average I/ a(l) 8.7 2.3 Rensr T 24.6%
Roorge (%6) 71 31.4 r.m.s. deviations
Bonds (A) 0.015
Angles (deg) | 1.57
Dihedrals (deg) t 24.6
Impropers (deg) | 1.31
B-factors (A%) § 4.8
Real space fit || 0.85+£0.06
Average B-factors
HLA-DR3 (A% A7+£18
CLIP (A% 49+16

Putrification and crystallizatlon, HLA-DR3 was purified” from 9.5.3 cells®, sol-
ubilized in P-octylglucoside, and cleaved with papain®®; it was further purified
using a BioSil S3000 coiumn and concentrated to ~15 mg ml™™. Crystals were
grown using conditions similar to those reported for other DR molecules®™: 12%
PEG 4K, 100 mM MgCl,, 100 mivt acetate buffer, pH 4.5. Crystals belong to space
group P3212 with cell dimensions a=b=78.5 A, c=158.1 A, Data collectlon and
processing. Diffraction was collected as osciliations of 1° (CHESS F-1; .=0.91 A
on Fuli phosphor plates from two flash-frozen crystals {100 K); before freezing,
crystals were soaked for 5 min in 15% glyceral, 15% ethylene glycol, 16% PEG
AR, 100 mM MgCly, 100 mM acetats, pH 4.5; mosaicity of frozen crystals was
~0.2", Data were indexed and integrated using DENZO (Z. Otwinowski, personal
communication), and scaled and reduced using ROTAVATA /AGROVATA, POSTREF
and TRUNCATE®. Partial reflections were summed. Molocular replacomont. A
molecular replacement solution was identified with Amore™ using a single of
DR1 (ref. 22) heterodimer, for which 19 residues differing between DR1 and DR3
were substituted by Ala, as the model. The rotation (15-3 A) and transiation (8-
4 Ay solutions were the highest peaks in their respective maps. After rigid-bady
refinement (8-3.2 A, with Amore), the correlation coefficient (c.c.) of the rotation
and translation solution was 0.59 and the R.. 42.7% {next-highest solution:
c.c., 0.27; Renee 54.8%). The translation search identified P3,12 as the correct
enantiomorph. The asymmetr|e unit of the crystal contains a single a3 heterodimer
of DR3, and the same dimer of aff heterodimers obsetved previcusiy®™?® was
observed here as a crystallographic dimer, Model bullding and reflnement. A
random 10% of reflections were omitted from refinement for Ry..** calculation.
Before refinement, the model B-factor was set to 45 A% (initial Ryee, 44.1%: Fomysts
45.,7%, 10-3.5 A). The model was rigid-hody refined using X-PLORY, and residues
specific to DR3 were built into 2F, — F, omit maps (15-3.5 A) using 0%, Preferred
rotamer conformations were used when possible, and a database of refined struc-
tures was used for main-chain rebuilding™. Only procedures which minimized Ryee
were followed; the dilference between Rie, and Re,e was kept as small as pos-
sible. After a single rebuilding and refinement step (positional and group B-factor,
8-3.5 &), an anisotropic B-factor tensor (By=81,=8s=—10A% and Bsy=
10 A% determined from a Wilsen plot was applied, resulting in a 1% drop in
Ruee. The resclution limit was increased gradually to 2,75 A through subsequent
rebuilding and refinement cycles, which included positional and restrained atomic
B-factor refinement, geometric regularization, and occasionally simulated anneal-
ing. The model was rebuilt into weighted (with SIGMAA™) 2F,— F, emit maps (15—
2,75 A), in which either approximately one-tenth of the model or entire protein
domains were omitted, or into simulated annealing omit maps. The peptide was
modelled into F,~F, density after 6 cycles of rehbuilding and refinement (R,
34.8%; Rensty 27.8%; 6-2.75 AL After 10 cycles (Rues, 33.4%; Roys, 23.8%; 6-
2.75 A), waters within 2,8-3.4 A of a hydrogen bending donor or acceptor were
built into = 3a F,— F; density. Positionally unstable waters or those with refined
B-factors greater than 60 A® were removed. The final model contains 22 waters.
Cnly one N-acetylglucosamine monosaccharide unit could he fit at the N-linked
glycosylation sites, a78N and al18N. No carbehydrate could be moedelled at the
third N-linked glycosylation site, BLON. All residues have allowed ¢, y angles,
and coordinate error is estimated to be 0.35-0.45 A"S, 2F,— F, maps show clear
elactron density for residues 5180 of the a-subunit and residues 5-191 of the
B-subunit, Three small breaks in the main-chain densily occur in loop regions of
the B> domain (at B10S, p172 and [188). The side chains of 15 residues on
surface loops are disordered (¢123R, [19N, f22E, J23R, B1L0BK, 1074, (1091,
B110Q, BL11H, B1360Q, PL3BE, P16GR, PLETS, P18IR and (191R). These resi-
dues are modelled, but atoms beyond G} were omitted in the later refinement
stages. A break ocours in the side-chain density of B74R betwesn C& and CJ.
Although the guanidinium of B74R is positioned in electron density, this density
may instead correspond to a solvent molecule. The side-chain amide and carboxy
graups of Q100 of CLIP are not found in electron density, and therefore caleula-
tions of buried surface area do not include these two groups.

* Rungegn =(F,, T, 1= WY, T, e Where b, is the mean intensity of symmetry-
related reflections, i,

T Ruaiue = (¥ IFans — Foael W Ty Faser where Ry is calculated for a randomly
chosen 10% of reflections (7> 0} omitted from refinement, and R, is calculated
for the remaining 90% of reflections (F> 0) included in refinement.

I Root-mean-square deviations from ideal values.

§ Root-mean-square deviations between B-factors of bended atoms,

li Real-space fit correlation coefficient’® calculated from 2F, - F, electron
density and the refined model of DR3-CLIP.
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TABLE 2 Nature and stability of DR3-CLIP isolated from
DM-deficient cells

Ohserved Calculated
m/z m/z
Peptides isolated P82--M104 2563.41 2564.27
from crystals of P82-P103 2432.15 2433.08
DR3 K83-P103 2334.82 2335.986
Conditions
Half-life of DR3-CLIP T 3.7h oH 4.5, 37 °C
Effect of HLA-DM [ Exchange pH4.5, 37°C
of CLIP
SDS-stability of
DR3-CLIP § Unstable 1% SDS, 26 “C

* Masses of peptides, which were acid-extracted®® from papain-
cleaved DR3 and from washed and solubilized crystals of DR3, were
determined hy matrix-assisted laser desorption ionization time-of-flight
mass spectrometry®®. The three peptides above were the predominant
ones in mass analyses of pre- and posterystallization samples. Because
of PEG suppression in the posterystallization samples, peptides that
were of vary low abundance in the precrystallization sample were not
detectable in the posterystallization sample. The shortest peptide
detected was K83-L102, and a peptide beginning at the first residue
of CLIP, L81-P103, was also detected, both in very low quantities and
only in the precrystallization sample.

T Soluble DR3 at a concentration of 2 uM was incubated in 100 mM
acetate buffer, pH 4.5 at 37 °C for various times and monitored by
absarbance, Asse, for quantity of DR3-CLIP complex remaining using
high-perfarmance liquid chromategraphy {HPLC) gel filtration (BioSil
S3000); tyrosine was included as an internal standard. The initially
homogeneous DR3-CLIP gel filtration peak yielded over time a separable
mixture of aggregates and DR3-CLIP complexes; the aggregates are
probably an indication of peptide dissociation and the formation of
‘empty’ molecules®®. The haif-life was determined from a first-order
exponential fit of the data between 0 and 300 min; beyond 300 min,
the amaount of DR3-CLIP remains at a steady-state level. Detergents
such as f}-octylglucoside substantially decreased the DR3-CLIP half-life
as previously reported®, as did Zwittergent (data not shown), which was
used in studies reporting short half-lives of DR2-CLIP complexes™®.

} Papain-solubllized DR3, from DM-deficient cells, at a concentra-
tion of 20 nM was incubated with or without 4 pM soluble, recom-
binant HLA-DM®® and with 5pM biotin-labelled IgCk (37-51)
(KVQWKVDNALQSGNS) peptide far 4 h at pH 4.5, 37 °C (D. Zaller, per-
sonal communication). Incubation with DM led to a threefald increase
in the amount of CLIP exchanged for igCk peptide, similar to resuits
reported for full-length DR3-CLIP {compare with Fig. 4a in ref. 18).

§ DR3-CLIP from samples used for crystaliization and from solubilized
crystais were unstable in SDS-PAGE in the absence of boiling, yielding
monomers rather than heteradimers.

treatment {Table 2), but this should have no structural conse-
quences because CLIP with the first two residucs (81-82)
missing has the same stability on DR’ and participates in
the DM cxchange reaction in the same way as CLIP (81-
104)'°, Furthermore, the soluble DR3-CLIP complexes used
for crystallization were shown to participatc in the DM
exchange reaction {(D. Zaller, personal communication), similar
to complexes purificd without papain treatment from DM-
delicient cells (Table 2).

We also obscrved that DR3-CLIP complexes after papain
digestion and resolubilized from crystals have the characteristic
instability to sodium dodecylsulphate (SDS) (Table 2) of DR3-
CLIP reported previously® °.

interactions between CLIP and DR3

The binding of CLIP to DR3 is remarkably similar to the
binding of both the influenza virus HA peptide™ and a collection
of self-peptides™** to DR 1. Bound CLIP is extended in a poly-
profine type IT conformation®® (Fig. 2a): it forms a ncarly ident-
ical, extensive network of hvdrogen bonds to conserved class {1
MHC residues® (Fig. 2¢); and its side chains extend into the
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FIG. 1 Electron density for CLIP. a, Electron density for f28Y, a residue
differing hetween DR3 and DR (26L), is clearly present in a 2F,—F;
map (15-2.75 A, contoured at 1s) calculated before any rebuilding or
refinement (excent for rigid-body) of the molecular replacement model,
In the model, {26 is replaced by Ala (see Table 1 legend). This figure
and all subsequent figures, except for 2b, were made with MidasPlus™.
b, Difference electron density shows that 15 residues of CLIP (P87-
A101) are visible in the peptide binding site. Twe methionines, M91
and M99, form the prominent density near the ends of CLIP and point
down towards the fioor of the hinding site. The electron density is from

an omit F,—F. map (15-2.76 A, contoured at 26) calculated from the
refined model of DR3-CLIP from which CLIP was omitted. The wfl,
peptide-binding domain (u5—u80, f5-P94) of DR3 is shown in a wire
trace with the f-sheet floor of the binding site at the hottom, the o,
demain a-helix In back, and the J; domain a-helix in front. Below the
wire trace is the sequence of CLIP (1.81-M104} with residues ohserved
in the crystal structure shown in the central black box and disordered
residues not observed in the structure shown in the surrounding grey
hoxes.
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FIG. 2 CLIP bound to DR3. a, The formation of 17 hydrogen bonds
(dotted lines) bhetween GLIP and DR3, 11 of which are to conserved
class Il MHC residues {main chain of ¢53; side chains of «62N, vB8N,
pB1W, a76R, f81H and 82N} Of these 11 hydrogen bonds, 10 are
between CLIP main chain and DR3, and one is between a CLIP side
chain (T95) and DR3. The hydrogen bond from w76R to the carbonyl of
the CLIP residue Q100 is partly obscured. CLIP (yellow) residues P87,
TS5 and P96 are shown fully, whereas other CLIP residues are displayed
only up to Cf. Only DR3 (silver) residues making hydrogen bonds with
CLIP are shown. The view is from above the binding site with the u;
domain «-helix at the top and the f; domain u-helix {(bath in red Cu
trace) at the bottom, b, Six side chains of GLIP fit in pockets formed by
DR3. CLIP is shown as bonds whereas DR3J is shown as a surface. View
as in a. Contacts with DR3 bury 58% of the surface area of CLIP P87-
A101. Pockets 1 and 9 bury 190 and 175 A% of CLIP solvent-accessible
surface area, respectively; pockets 6 and 7, smaller cavities, bury 122
and 160 A% pocket 3, buries only 118 A, and pocket 4 buries 99 A%,
The methylene group of arginine 92 of CLIP, which does not fit into a
pocket, nevertheless contacts the surface of DR3 and positions the
guanidinium group 3.2 A from B81 His.
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METHODS. Calculation of selvent-accessible surface areas were per-
formed with a prebe radius of 1.4 A. Residues contacting CLIP in each
pocket are: pocket 1, «24F, a31l, u32F, ¢43W, ab2A, main chain of
n53S, ubdl, P8LH, B82N, P85V, P86V, pocket 3, udQ, ul22F, u24F,
uB4F, uB5E, ub8G, ublA, uBlA, uB2N, BT78Y: pocket 4, u9Q, uB2N,
A138, B74R, R78Y; pocket 6, u9Q, ullE, u62N, ubSY, ab6D, ub9N,
fads, pA3S, p28D, B30Y, f71K, A74R; pocket 7, ub5V, uBIN, p30Y,
B47F, pB1W, BB7L, f70Q, 71K, B74R; pocket @, aBON, 072, u73M,
a76R, BOE, (30Y, 137N, 338Y, PS?D, fBLW. RO2 of CLIP does not
form a pocket contact, but 121 A? of its surface area is rendered inac-
cessible to solvent by contact with DR3. This figure was made with
GRASP™.
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FIG. 3 Conformation of CLIP. a, Superposition of CLIP 87-101. with HA
306-318, based on leastsquares u-carbon overlap™ of the aif,
peptide-binding domains of DR3 and DR1. Both peptides have polypre-
line type Il conformations, with mean ¢, y angles of —87+20°,
140+14" for CLIP, and —82 +15°, 139+16" for HA. View as in Fig.
1b. The positions of pockets are indicated. CLIP extends two residues
further at the N terminus than HA. Although the first 5 overlapping resi-
dues (S89-M93 of CLIP, P308-K310 of HA} have similar main-chain
paths {r.m.s. deviation of 0.31 A), the last 8 residues (A94-A101 of CLIP,
Q311-T318 of HA) differ (r.m.s. deviation of 1.12 A), with the largest

samé pockets in the DR3J binding site as those observed in DR
(ref. 22) (Fig, 2b).

Hydrogen bonds

The conformation of the main chain of bound CLIP is extended
but twists such that side chains project from the main chain
about every 128°, asin DRI-HA. This allows 17 hydrogen bonds
to form between atoms of CLIP and DR3 (Fig. 24), of which
11 are to MHC atoms conserved in class II MHC sequences.
The ten hydrogen bonds between the CLIP main-chain atoms
and DR3 were observed in the DRI-HA complex and predicted
to play a universal role in binding peptides to class 11
molecules®. Overall, the pattern of 17 hydrogen bonds in DR3-

[#3

DR3:CLIP

DRIHA M

=3

FIG. 4 A comparison of DR3 and DR1 from the CLIP and HA complexes.
a, Superposition of the w4 }4 peptide-binding domains of DR3-CLIP (red}
and DR1-HA {(blue) {residues «5-u80 and p5-94). View as in Fig, 2.
The o,P: peptide binding domains are very similar except for an o-
helical region between (65 and p74. (Not shown are the immuno-
globulin-like o, and P domains which differ between the two complexes
hy small rotations and translations, probably as a result of different
crystal packing forces. Relative to DR1-HA, the . domain of DR3-CLIP
is rotated 3" and translated 1 A, and the fi, domain is rotated 5" and
translated 2 A, as determined by a least-squares superposition based

450
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DR3:CLIP
DRI:HA
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displacement at pocket 6. b, Superposition of DR3-CLIP (red) and DR1-
HA (blue) at pocket 6 showing the displacement of P96 of CLIP and the
allelic differences between OR3 and DR1 at 1.1 and §13. The peptides
are represented as main-chain traces with the position of side chains
indicated by their CB atoms; main-chain carbonyls are not shown. Side
chains for the resfdues in pocket 8, PS6 for CLIP and T313 for HA
peptide, are shown. The side chains for 11 and 13 are shown in a
ball-and-stick model, and the f-strand containing these residues is
shown in a Cuo trace.

CLIP is essentially identical to the 18 bonds in the DRI-HA
complex™ (compare Fig. 2a here and Fig, 3 from ref. 22),

CLIP side chains and DR3 pockets

A series of pockets that accommodate the side chains of CLIP
in the DR3 peptide binding site (labelled 1, 3, 4. 6. 7 and 9 in
Fig. 2b) arc positioned in the same way as those in DR1 (ref.
22). Pockets 1 angd 9, deep cavities at either ends of the site. hold
CLIP mcthionines 91 and 99 (Fig. 2h); pockets 6 and 7. smaller
cavitics in the centre of the site, hold CLIP proline 96 and leucine
97; and pocket 3, which is more like a non-polar shelf, holds
CLIP methionine 93 and leaves 30% of the methionine’s surluce
exposed. In the DR I-HA complex, that pocket holds the methyl-

b DR3:CLLP
DREMA

(5

AYd B74l
ST o

it

on the Ca positions of the aqf34 peptide-binding domains. Individually,
the u, demains of DR3 and DR1 superimpose with an r.m.s. deviation
of 0.56 A and the B, domains with an r.m.s. deviation of 0:63 A. Similar
shifts in the immunogiobulin-like domains have been observed for
class | MHC™). b, Superpesition of DR3-CLIP (red) with DR1-HA (blue)
at the B65-p74 region of the 3, domain w-helix. View as in Fig. 2.
The main-chain atoms of the peptides are shown, except for main-
chain carbonyls. Side-chain positions are indicated by the Cj atoms.
The side chains of Q311 of HA peptide and for reference, P26 of CLIP,
are shown.
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TABLE 3 MHC class Il pockets involved in binding CLIP

Area DR3 residues: consérved or
Conserved cLip cohserved consorvatively substituted
pockets residue (%) * in class Il MHC T
1 M1 75 ¢32F, ad3W, main chain
u53S, ab4F, f81H,
pB2N, B85 (V/A/L)
3 M3 60 22 (Y/F), aB4F, 55 (D/E),
aB2N, 78 (Y/F/M/))
7 Lat 58 66 (V/1), 89N, P47 (Y/F),
peiw, 367 (L/1/F/V)
Q M39 54 aB9N, a73 (M/L/A/V),
aT6R, 338 (V/L/A), f6iW
Variable
pockets
5] P96 a1 aB2N, o685 (V/I), 668N
4 AD4 23 a62N, 378 (Y/V/M/1)

* Percentage of DR3-accessible surface area buried by contact with
side-chain atoms of CLIP that is composed of residues conserved or
conservatively substituted in class || MHC sequences. A probe radius
of 1.4 A was used to calculate solvent-accessible surface area (M.
Handschumacher and F. Richards, personal communication). The sur-
face area of DR3 burled by each residue of CLIP was caiculated and
partitioned with respect to whether the buried DR3 resicdue was conser-
ved or conservatively substituted as opposed to non-conserved in class
Il MHC sequences, For example, of the 87.8 A” of DR3 huried by side-
chain atoms of M1 in pocket 1, 65.4 A% or 75% derives from residues
conserved or conservatively substituted in c¢lass Il MHC sequences,
while the remaining 22.2 A% derives from residues non-conserved in
class Il MHC sequences.

T Residues conserved (in bold) or conservatively substituted in ciass
Il MHC sequences that are buried in the DR3-CLIP ¢emplex by contact
with side-chain atoms of CLIP, After each conservatively substituted
residue is indicated the range of substitutions feund in human class Il
MHC.

ene groups of a peptide lysine®, Pocket 4 of DR3 holds the side-
chain methyl group of CLIP Ala 94. This pocket appears 1o
have collapsed slightly (sce below) relative to the size it may
exhibit when holding an aspartic acid side chain in the common
DR3 peptide motif'”*. The register of CLIP with respect to
the protein pockets is in accordance with that proposed [rom
substitution studies of CLIP!'"-,

Peptides that bind to DR3 exhibit sequence preferences at
position 1 where non-polat residues are preferred (M, L, V, [,
F. Y), and position 4 where negatively charged aspartic acid is
preferred™*. This binding motif correlates well with the non-
polar nature ol pocket 1 and the positively charged arginine
(B74) in pocket 4 of DR3. Small rearrangements must be
possible in both pockets as model building indicates that tyrosine
(Y) could not fit in pocket 1 or aspartic acid (D) in pocket 4
without slight movements of DR3 side chains, Some peptides
that bind DR3 exhibit a second motif such that, when the resi-
dues in pockets 1 and 4 are not idcal (Ain [; N, Q, E, S, Tin
4), peptide position 6 is often positively charged (K, H, R}, This
appears to correlate with the negative charge in pocket 6 from
328 aspartic acid of DR3.

Comparison of DR3-CLIP with DR1-HA

Overall, CLIP appears to fit as closely against DR3 as the HA
peptide does against DR1. Buried in the CLIP-DR3 complex
are 1,386 A? of solvent-accessible surface area of CLIP and
904 A* of DR3, comparable to the 1400 A? of the HA peptide
and 930 A? of the DR1 in DRI-HA®,

The path of the peptide main chain is nearly identical for
CLIP and HA peptide in the first half of the MHC molecule’s
binding site, but diverges slightly in the second half at pocket 6
(Fig. 3a), where the main chain of CLIP is 1.8 A closer to the
B-sheet floor of the binding site, The dillerence of two small
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amino acids, serines at fl1 and f13 in DR, for two large resi-
dues, leucing (B11) and phenylalanine (B13} in DRI, allows Lhe
peptide in DR3 to get slightly deeper into the site (Fig. 35). A
proline, CLIP P96, in pocket six also contributes as its cyclic
side chain does not protrude from the peptide backbone.
There is only one small conformation difference in the DR
backbone structures between DR3-CLIP and DRI1-HA. Overall
the o, By peptide-binding domains superimpose very well with an
r.m.s. deviation of 0.51 A in a-carbon positions {Fig, 4g), The
small difference occurs in the B-chain a-helix between residues
(65 and B74. The result of differences in the locations of B70
and B74 in DR1 and DR3 is that the f-chain a-helix appears
to collapse slightly (1.5 A) towards the peptide in DR3-CLIP,
probably because the peptide side chain in pocket 4 is smuall
(Fig. 40), Modelling an aspartic acid at peptide position 4
requires that f74R is moved to open pocket 4 slightly,

Complexes with other class If MHCs

Many of the same binding interactions observed in the DR3-
CLIP complex are probably found in CLIP complexes with other
class IT MHC molecules. The four large CLIP side ¢hains M9,
M93, LY7 and M99 are bound in those DR3 pockets which have
the greatest proportion of their buried surface areas formed by
residues conserved or conservatively substituted in class II
molecules (Table 3), Thus these CLIP residues may fit into most
class IT binding sites. The two smallest CLIP side chains, A94
and P36, are bound in those pockets with linings that are the
most variable in chemical character in class 1T molecules. Pocket
4, which holds A94 of CLIP, is extremely variable (23% conser-
ved). Similarly, 41% of the surface area of pocket 6, which holds
P96, is formed by residues that undergo non-conservative substi-
tutions in class II molecules. The occurrence of small side chains
at positions 94 and 96 in CLIP (A94, P96) may minimize un-
favourable contacts in pockets 4 and 6 of most other class 11
molecules.

implications for il actlvitles

After proteolytic degradation of 1i in vive, CLIP is scen, from
the structurc of DR3-CLIP, to bind in the ¢ff peptide binding
site using the same network of hydrogen bonds and contacts to
protein pockets as an antigenic peptide. This provides a mecha-
nism for the chaperoning role of [i, because CLIP in the binding
site would be expeected to stabilize uff against aggregation in
wive®, as antigenic peptides do in wire™™". Genetic truncation
experiments® "%, pulse-chase cxperiments’, antibody binding®'
{E.M. and Y. Paterson, manuscript in preparation) and T-cell*!
recognition experiments have already provided evidence that Ti
binds to MHC class IT molecules by inserting CLIP into the
peptide binding site. The region surrounding CLIP in a soluble,
recombinant 1 has recently becn shown to be unstructured, as
determined by nuclear magnetic resonance and proteolytic
sensitivity*™*, making CLIP available for binding as observed
here. The presence of CLIP in the peptide binding site also
explains how Ti blocks peptide binding in vitro™, Tor those
class TT molecules (for example, I-A* and DR52a) which have a
low affinity for CLIP", the C-terminal domain of Ii may aug-
ment the aflinity™,

Most studies of CLIP binding to DR'' ™™ have suggested
the binding mode obscrved here, and the effects on CLIP binding
by mutations at a58 and p86 in a mouse class I MHC™ are
also consistent with the observation that CLIP binds near both
these residues (Fig. 2b legend). A suggestion that the C-terminal
parl of CLIP makes contacts to DR2 other than those made by
conventional groove-binding peptides or as described for
CLIP" '* could have resulted from the use of a short peptide
lacking the Pl anchor and/or the addition of an N-terminal
fluorescent probe to that peptide’®,

The details of the atomic contacts between CLIP and DR3
are consistent with the in vivo stability inferred from the ability
of DR3-CLIP to traverse the endosome and survive on the cell
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surface in DM-deficient and wild-type cells® ****, The half-life
of soluble DR3-CLIP isolated from DM-deficient cells is almost
4 hours in conditions (pH 4.5 and 37 °C) mimicking the endo-
somal environment (Table 2). This is fonger than the 1-2 hours
required for class TT MHC maturation™, and suggests that the
structure of DR3-CLIP represents the structure of the complex
in the endosome, before DM-mediated exchange,

CLIPs nine N-terminal residues (L81-S89) have been sug-
gested to increase CLIP dissociation from sofuble DR (ref. 26}
and from detergent-solubilized DR2 (rcf, 15). In the latter case,
the fast off-ratc reported was probably the result of using a
detergent (Zwittergent), which has a B-OG-like destabilizing
effect® on DR3-CLIP {(data not shown). In the former case,
experiments are needed to determine whether it is the ordered
or disordered residues at the terminus that confer this reported

propetty.

impilcations for DM exchange reaction

The finding that CLIP binds to DR3 like HA binds DR1 has
implications for DM’s exchange mechanism'® *. Although pre-
vious observations of a difference in SDS stability and antibody
binding® *** had been interpreted to indicate an altered DR3-
CLIP conformation, the structure shows only a small difference
between DR3-CLIP and DRI1-HA a segment of the p-chain a-
helix (B65-74) in DR3-CLIP is displaced about 1.5 A towards
the peptide binding site (Fig. 4), lorming a slightly more ‘closed’
sitc rather than the more ‘open’ sile that SDS instability was
thought to indicate. This ‘closing’ may result from movement of

[74 Arg and the collapse of pocket 4 to fit around alanine 94
of CLIP, a peptide position normally occupied by aspartic acid
in peptides that bind DR3. Replacement of alanine 94 by
aspartic acid results in SDS-stable complexes''. The functional
conscquences, if any, of the lack of SDS stability (and of
instability in B-OG®) of DR3-CLIP are not clear. Some antigenic
peptides, even ones that are recognized by T cells, form com-
plexes that are SDS unstable®®*® and, importantly, some DR-
CLIP complexes, such as DR1-CLIP, arc stable in SDS* but
readily exchanged by DM'?. This segment of DR3's B chain
probably also accounts for the difference in antibody recognition
between DR3-CLIP and other DR3-peptide complexes, as the
binding site of an antibody, NDS8-9, that rccognizes DR3-pep-
tide complexes but not DR3-CLIP* has been mapped to B73. 74
and 77 (ref, 39) (Fig, 4).

The observation that DR3-CLIP and DRI-HA arc highly
similar in structure suggests that DM does not discriminate
between CLIP and HA by binding to an alternate equilibrium
conformer of DR thal would be present in DR-CLIP but not
n DR-HA, Instead, the increase in the rate of peptide dissocia-
tion by DM suggests that DM may recognize and stabilize a
strained, transition-state-like conformer of DR, lowering the
frec-encrgy barrier for CLIP dissociation. This conformer may
exist for both DR-HA and DR-CLIP, but stabilization by DM
may result in the preferential dissociation of peptides lacking
optimal anchor residues, such as CLIP'®*, The structure of
DR3-CLIP, a substrate for DM-mediated exchange, suggests
that DM functions on a transient state of class [T MHC rather
than on a hew equilibrium conformation. [
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