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Human leukocyte antigen (HLA)-DM is a critical participant in antigen presentation that
catalyzes the release of class ll-associated invariant chain—derived peptides (CLIP) from
‘newly synthesized class Il histocompatibility molecules, freeing the peptide-binding site
for acquisition of antigenic peptides. The mechanism for the selective release of CLIP
but not other peptides is unknown. DM was found to enhance the rate of peptide
dissociation to an extent directly proportional to the intrinsic rate of peptide dissociation
from HLA-DR, regardless of peptide sequence. Thus, CLIP is rapidly released in the
presence of DM, because its intrinsic rate of dissociation is relatively high. In antigen
presentation, DM has the potential to markedly enhance the rate of peptide exchange,
favoring the presentation of peptides with slower intrinsic rates of dissociation.

Class 11 histocompatibility molecules such
as HLA-DR bind antigenic peptides gener-
ated in antigen-presenting cells and display
them at the cell surface for recognition by
CD4" T lymphocytes (I1). Newly synthe-
sized class II o heterodimers associate with
the invariant chain in the endoplasmic re-
ticulum, and the molecules are transported
to endosomal compartments where the in-
variant chain is partially removed by pro-
teases (2). DM-deficient antigen-presenting
cells are defective in presentation of protein
antigens to T cells (3), and the class II
molecules expressed in these cells are large-
ly occupied by a nested set of CLIP peptides
that share a core sequence (4) that interacts
with the peptide-binding site in a defined
manner (5). Thus, DM is required for the
removal of the last fragments of the invari-
ant chain, freeing the peptide-binding site
for acquisition of antigenic peptides. The
DM molecule directly induces the release of
CLIP trom class II molecules (6-8). With
one exception (6), DM was not observed to
release peptides other than CLIP (6-8).
The structural features that make HLA-
DR-CLIP complexes susceptible to DM
have not been defined.

We investigated the sequence require-
ment for susceptibility to DM-induced re-
lease of peptides from HLA-DR molecules by
using a series of synthetic peptides and affin-
ity-purified DM isolated from human lym-
phoblastoid cells (9). In agreement with pre-
vious experiments (6-8), we found that low
concentrations of DM but not control pro-
teins markedly enhanced peptide binding to
purified DR molecules and selectively in-
duced release of the CLIP(81-104) fragment
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but not the antigenic peptide fragments
HA(306-318) and HSP(3-13) from DRI
and DR3, respectively (Fig. 1). The crystal
structure of DR3-CLIP complexes (5) indi-
cates that the peptide complex is stabilized

by hydrogen bonds between conserved resi-
dues in DR and peptide main-chain atoms.
Peptide side chains interact in a series of
pockets that accommodate residues Pl
(Met”"), P3, P4, P6, P7, and P9 (Met”’).
The potential requirement for NH,-terminal
residues that extend out of the binding site
(10) was excluded with truncated peptides.
CLIP(89-100) and longer CLIP peptides
bound DR1 and DR3 with equal affinity and
were equally released by DM. The possibility
that DM interacts with core peptide side
chains that extend out of the binding site
also was excluded, because substitutions at
nonanchor positions did not affect release
(Fig. 1B).

The role of peptide anchor (A) residues
was evaluated with chimeric CLIP(89-100)
peptides  containing anchors  from  the
HA(306-318) peptide fragment at P1, P4,
P6, and P9 (Fig. 2A). CLIP(89-100). A-HA
was minimally released from DR1 during a
4-hour incubation with 9 nM DM, as was an
analog singly substituted at PI, whereas

Fig. 1. Effect of affinity-purified DM onthe g
formation and dissociation of HLA-DR- 140 100
peptide complexes. (A) DM enhances pep- Tg_ 120
tide binding to HLA-DR and CLIP release.  © 80
Biotinylated HA806-318) (1 pM) was in- 2 100
cubated with purified DR1 (100 nM) for 3 T 80 e ou 60
hours at 37°C in the presence of graded 3 50 —o— }-Ad
amounts of affinity-purified DM (@) or con- 2 —e—BsA 40
trol proteins {murine H-2 I-A% (CJ) and bo- _:i: 40 B 20
vine serum albumin ()] (9). Alteratively, 2 20 L A
preformed DR1-biotin-CLIP(81-104)com- * ol 0 .
plexes (100 NM) were incubated for 4 0 5 10 15 20 25 None DM I-Ad
hours with 100 M unlabeled MAT(17-31) Protein (nM) Protein
and 8 "M DM or I-A%. DR- g )
biotin-peptide  complexes Peptide Sequence F{Tgtwe
were quantified in duplicate ot vave oo 50
samples by a streptavidin- HA(306-318) PKYVKQNTLKLAT 0.1
europium fluorescence im-

CLIP(81-104) LPKPPKPVSKMRMATPLLMQALPM 1.0
munoassay (8), and results
are expressed as mean fluo- CLIP(89-100) SKMRMATPLLMQ 1.0
rescence counts per second CLIP(E0-100) KMRMATPLLMO s
(cps). (B) Release of biotinyl-

CLIP(89-100)NA-S SKMSSASPLSMQ — 8.5

ated variants of CLIP from

HLA-DR by DM. Preformed -02 0 02040608 1.0
DR-biotin-peptide complex-

es (50 nM) were incubated P1 Pavs Po DR3

with or without 9 NM affinity- HSP(3-13) ETIAYDEEARR 0.9
purified DM in the presence CLIP(81-104)  LPKPPKPVSKMRMATPLLMQALPM| 1.2
of excess unlabeled specific ) |

peptlde fOr 4 hOUrS at 8700 CLIP(89-100) SEMRMATPLLMQ 1.0
Biotin-peptide  complexes CLIP(90-100) KMRMATPLLMO 9.1
from triplicate samples were CLIP(BI-100NAS SKMSSASPLSMO ot

quantified by the europium
immunoassay. The relative
fraction released by DM was
determined by comparing

-02 0 02040608 1.0
Relative fraction released by DM

the fraction of labeled peptide remaining bound to HLA-DR to the amount bound in the absence of DM.
The affinity of each peptide is reported as the IC,, value (median inhibitory concentration) relative to
CLIP(89-100) (17). Peptide anchor positions (75) (boldface under “sequence” column) correspond to
pockets P1, P4, P, and P9 of the DR binding site, according to the DR1-HAB06-318) (77) and
DR3-CLIP (5) crystal structures. Anchor positions for HSP(3-13) were assigned on the basis of place-
ment of aspartic acid in the P4 pocket (78, 79). In CLIP(89—-100)NA-S, nonanchor residues in the core
sequence were replaced by serine (underlined). Amino acid abbreviations are listed in (75).
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those substituted at P4, P6, or P9 were re-
leased to an extent similar to the parent
peptide. The importance of the anchor resi-
dues was confirmed by the observation that
chimeric HA(306-318) containing anchors
(P1, P4, P6, P9) from CLIP is released by
DM. An HA(306-318) analog containing
methionine (M) instead of tyrosine (Y) at
the dominant anchor position (P1)
(HA.Y308M) was substantially released from
DR1 in the presence of DM. Similar results
were obtained with HSP(3-13) and DR3.
Chimeric HSP(3-13) containing anchors
from the CLIP sequence was released from

DR3, whereas CLIP(89-100) with anchors
from HSP was not. The residue at P4 (aspar-
tic acid or alanine) was critical in determin-
ing the sensitivity to DM-induced release.
Thus, the residues at dominant anchor posi-
tions (P1 for DR1 and P4 for DR3) in the
absence of other substitutions can control
sensitivity to DM. However, substitutions at
nondominant anchor positions also can
modulate the DM sensitivity of DR-peptide
complexes (DRp). For example, DR1 com-
plexes containing CLIP(89-100) with aspar-
tic acid instead of alanine at P4 are relatively
resistant to DM, which suggests that the

A B CLIP(89-100)
Peptide Sequence DR1 R??Ne
P1 P4P6 P9 50
HA PKYVKQNTLKLAT 0.1
CLIP SKMRMATPLLMQ 1.0
CLIPA-HA SKYRMQTTLLLQ 1.1
CLIPMO1Y SKYRMATPLLMQ 0.52
CLIP.A94Q SKMRMQTPLLMQ 0.69
CLIP.P96T SKMRMATTLLMQ 11.0
CLIP.M99L SKMRMATPLLLQ 0.84
02 0 02 04 0.6 08 1.0 g
HA PKYVKQNTLKLAT @
CLIP SKMRMATPLLMQ E
HA.A-CLIP PKWMNPLKMT 1.5
HA.Y308M 'APKMVKQNTLKLA‘T 0.64
02 0 02 04 06 08 1.0 200360 260 300 400 500
DRS Time (min)
P1 P4P6 P9 HA(306-318)
HSP KTIAYDEEARR 0.9
CLIP SKMRMATPLLMQ 1.0
CLIP.A-HSP SKIRMDTELLRQ 0.13
CLIP.M91l SKIRMATPLLMQ 0.29
CLIP.A94D SKMRMDT PLLMQ 0.13
CLIP.M99R SKMRMATPLLRQ 0.9 OO 50 105 _”1.50
02 0 02040608 1.0 05 DM (nm)
HSP KTIAYDEEARR 5
CLIP SKMRMATPLLMQ \.M‘—
HSP.A-CLIP KTMAYAEPARM 15.4
HSP.I5M KTMAYDEEARR 1.3
HSP.D8A KTIAYAEEARR 15.4
02 0 02040608 1.0
Relative fraction released by DM
Fig. 2. Peptide anchor residues control DRp dissociation 500 1000 1500 2600
in the presence of DM. (A) Effect of anchor substitutions Time (min)

on DM-induced peptide release. As in Fig. 1, anchor res-

idues for HA, CLIP, and HSP are in boldface. But for the mutant peptides, boldface residues indicate
mutated anchor residues (75). Peptide release and relative affinities were determined as described in the
legend to Fig. 1. CLIP refers to CLIP(89-100), HA to HA(306-318), and HSP to HSP(3-13). (B) The
peptide dissociation rate is a linear function of DM concentration. The dissociation of fluorescein-labeled
peptides from DR1 was measured in the presence of various concentrations of affinity-purified DM at pH
5 and 37°C by high-performance size-exclusion chromatography (HPSEC) (20). Observed first-order
dissociation rate constants (k) were calculated from the slopes of plots of In(B/B,) versus time, where
B, represents the concentration of peptide complexes at time 0. Best-fit lines were calculated by the
least squares method. Curve 1: 0 nM DM, half-time ¢, , = 5.7 hours; curve 2: 1.5nM, ¢, ,, = 2.4 hours;
curve 3:3.4nM, ¢, , = 1.2 hours; curve 4: 4.4nM, t, , = 1.0 hours; curve 5: 0nM DM, ¢, ,, = 120 hours;
curve 6: 39 nM, t,,, = 4.7 hours; curve 7: 135 nM, t, , = 1.4 hours.
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collective identity of the residues at anchor
positions rather than the identity of any
single anchor residue determines whether a
DRp will dissociate in the presence of low
concentrations of DM.

The sensitivity of a given DRp complex
to DM does not always correlate with appar-
ent affinity measured in competitive inhibi-
tion assays (11). For example, CLIP(89-100)
and HSP(3-13) are differentially sensitive to
DM but bind DR3 with similar 1C, values.
In contrast, sensitivity to DM correlates with
intrinsic dissociation rates measured in the
absence of DM (12). Peptides with intrinsic
dissociation half-times of <20 hours were
released by DM and those with half-times of
>100 hours were not, under the experimen-
tal conditions used (Fig. 2A).

This result suggested the possibility that
DM can accelerate the dissociation of any
peptide: DM catalyzed the dissociation of
all DRp tested, with first-order kinetics
(Fig. 2B and Table 1). The rate constants
observed, k., were linear functions of the
DM concentration and the intrinsic first-
order peptide dissociation constants, k.
Remarkably, the slope of k. versus the
total concentration of DM ([DM], ) was
directly proportional to k,, for all DRp,
including peptides with sequences unrelat-

ed to CLIP, so that
k(»l\.\ = kin + jkin[DM]mm[ (1)

where the constant j is estimated to be
(1.2 = 0.7) X 10° M~'. Thus, the DM-
catalyzed rate is directly proportional to the
intrinsic rate of peptide dissociation. This
finding can be interpreted in terms of a
simple model in which DM reversibly binds
DRp and stabilizes a transition state of DRp,
lowering the energy of activation for peptide
release (Fig. 3A). Under conditions in which

Table 1. The DM-catalyzed rate of peptide disso-
ciation is directly proportional to the intrinsic rate
of peptide dissociation. The dissociation of fluo-
rescein-labeled peptides from DR1 was mea-
sured by HPSEC (20). Observed first-order disso-
ciation rate constants (k) were calculated for
three concentrations of DM and slopes were de-
rived from plots of k., versus [DM],. Best-fit
lines were calculated by the least squares meth-
od. Intrinsic dissociation rate constants (k;,) repre-
sent y intercepts of the plots. The slopes of these
plots were approximately proportional to k.

Peptide ki, (min~")  Slope/k,, (M~")*
CLIP(@B9-100) 2.1 x 1072 1.0 x 10°
CLIP-M91I 1.7 x 1073 1.0 x 10°
CLIP-A94Q 41 x10°° 1.0 x 10°
MBP(©Q0O-102) 1.5 x 103 0.8 X 10°
CLIP-M91Y 3.4 x107° 2.8 x 10°
MAT(17-31) 1.5 x107% 1.2 x10°
HA@306-318) 7.3 x 107° 0.8 x 10°

“Slopes were determined from plots of k., versus DM

concentration.
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Fig. 3. DM acts like an enzyme. (A) Model for DM-catalyzed peptide A

release. DRp represents DR-peptide complexes, where p is pep-
tide and DRp-DM is formed by reversible binding of DM (73).
Peptide dissociations are represented as irreversible reactions. kinl\p
Reverse reactions were prevented experimentally by the presence

k1

of excess unlabeled peptide. Free DR may represent empty mol- DR DR + DM
ecules (which are unsta-

ble at 37°C), inactivated 4 80 B ISy A 70C o

DR, or DR molecules & [ ~ = TN\ —=—cup@s-togasp 60 xR T T T T T
bearing unlabeled pep- & 60 50

tide. (B and C) Peptide T 0

competition in the ab- § 40

sence (B) and presence 8 30

(C) of DM. Purified DR1 & 29 20

(100 nM) was incubated &

at pH 5 with 0.1 pM bi- & 0 \ 12

otin-HAB06-318)  and 0.001 0.010.1 1 10 100 1000 0.001 0.01 0.1 1 10 100 1000
various concentrations of Competitor (M) Competitor (M)

the indicated unlabeled

peptides for 18 hours (B) or for 4 hours in the presence of 17 nM affinity-purified DM (C). DR1-biotin-
peptide complexes were quantified by the streptavidin-europium fluorescence immunoassay.

peptide release is irreversible and [DM], .,
<< [DRp], one can apply the steady-state
rate equation for enzyme-catalyzed reactions
(13). If [DRp] << K|, (Michaelis constant),

the equation simplifies to

knhs = (kl/Km)[DM]mml + kin (2)
Combining Egs. 1 and 2 gives
kl/km = ij (3)

This equation provides a means of estimat-
ing the relative theoretical rate of peptide
dissociation from DM-DRp complexes com-
pared with the rate of peptide dissociation
from DRp alone. Given preliminary data sug-
gesting that K is =107° M, we estimate that
peptide dissociation could be increased =10%-
fold from DM-DRp complexes compared with
dissociation from free DRp.

The observation that the rate of DM-
catalyzed peptide dissociation is determined
by the k. value of a given peptide supports
the idea that bonds involving peptide main-
chain atoms rather than side chains are
disrupted in the DM-stabilized transition
state. This condition would reduce the ac-
tivation energy for peptide release or ex-
change to the same degree regardless of
peptide sequence. It is unlikely that a struc-
tural change in a particular pocket in DRp
is responsible for enhanced peptide dissoci-
ation because substitutions at different po-
sitions in bound peptides can alter sensitiv-
ity to DM. The presence of DM should not
alter the equilibrium binding of individual
peptides. Indeed, no change is observed in
the order of potency of peptides in compet-
itive inhibition binding assays in the pres-
ence or absence of DM (Fig. 3, B and C),
indicating that the rates are changed but not
the equilibrium. However, it is unlikely that
equilibrium is achieved during antigen pro-
cessing, given the relatively rapid transport
of newly synthesized and recycling DR mol-

620

ecules through different intracellular com-
partments with local environments that may
differ in peptide composition, DM concen-
tration, and pH. Thus, in addition to its
critical role in removing CLIP from the pep-
tide-binding site of newly synthesized class 11
molecules, DM also may modify the reper-
toire of peptides made available for recogni-
tion by CD4™" T cells, as originally proposed
by Sloan et al. (6), favoring peptides with
slow intrinsic rates of dissociation.

REFERENCES AND NOTES

1. B. P. Babbitt, P. M. Allen, G. Matsueda, E. Haber, E.
R. Unanue, Nature 317, 359 (1985); S. Buus, A.
Sette, S. M. Colon, D. M. Jenis, H. M. Grey, Cell 47,
1071 (1986); R. N. Germain, ibid. 76, 287 (1994).

2. J. S. Blum and P. Cresswell, Proc. Natl. Acad. Sci.
U.S.A. 85, 3975 (1988); P. Cresswell, Annu. Rev.
Immunol. 12, 259 (1994).

3. E. Mellins et al., Nature 343, 71 (1990); P. Morris et
al., ibid. 368, 551 (1994); S. P. Fling, B. Arp, D. Pious,
ibid., p. 554.

4. J. M. Riberdy, J. R. Newcomb, M. J. Surman, J. A.
Barbosa, P. Cresswell, ibid. 360, 474 (1992); A.
Sette et al., Science 258, 1801 (1992).

5. P. Ghosh, M. Amaya, E. Mellins, D. C. Wiley, Nature

378, 457 (1995).

. V. S. Sloan et al., ibid. 375, 802 (1995).

. L. K. Denzin and P. Cresswell, Cell 82, 155 (1995).

. M. A. Sherman, D. A. Weber, P. E. Jensen, Immunity

3, 197 (1995).

9. DR1 and DR3 molecules were purified from LG2 and
T2-DR3 cells (4), respectively, with an 1243 affinity col-
umn as described (8). DM was isolated from LG2 deter-
gent lysates by affinity chromatography on Sepharose
beads coupled to rabbit antibody to the COOH-termi-
nus of DMB (8); eluted in 0.5% S-octyl glucopyranoside,
100 mM glycine, and 0.15 M NaCl (pH 11.5); and neu-
tralized with 1 M tris-HC! (pH 7.5). The eluted protein
was ~25% DM as judged by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and Coomassie staining.
The DM concentration was determined by measuring
absorbance at 280 nm relative to DR1 and assuming
molar absorption coefficients of 94,680 and 64,710 for
DM and DRI, respectively. The presence of contami-
nating protease activity was excluded by incubating af-
finity-puriied DM with DR1 followed by SDS-PAGE
analysis. Mock-purified DM and [-A (purified with an
MKD6 monoclonal antibody affinity column by parallel
procedures) had no activity in peptide release assays,
excluding a role for detergent or other components.

W~ >

SCIENCE « VOL.274 25 OCTOBER 1996

14.
16.

21.

Peptides were synthesized by fluorenyl methoxycar-
bonyl chemistry with a Ranin Symphony multiple pep-
tide synthesizer and labeled with biotin at the «-amino
group before or after deprotection and cleavage by re-
action with biotin-amido caproate N-hydroxysuccinim-
ide as described (74). All binding and dissociation reac-
tions were done in 0.1 M citrate-phosphate buffer (pH
5.0) with 0.2% NP-40 containing protease inhibitors
(binding buffer). DR-biotin-peptide complexes were
formed by incubation of 500 nM DR with 5 uM biotin-
peptide complex for 18 hours at 37°C. For dissociation,
preformed complexes were diluted 1:10 and incubated
with 100 M unlabeled MAT(17-31) peptide fragment
(sequence, SGPLKAEIAQRLEDV) (75) or HSP(3-13)
with or without DM. After neutralization, the complexes
were captured on L243-coated microtiter wells at 4°C
and biotin-peptide complexes were measured with
streptavidin-europium as described (8).

. H. Kropshofer, A. B. Vogt, L. J. Stern, G. J. Ham-

merling, Science 270, 1357 (1995).

. The affinity of each peptide was determined by mea-

suring the capacity of unlabeled peptides to inhibit
binding of biotin-MAT(17-31) to DR1 or biotin-
HSP(3-13) to DR3. Values are normalized relative to
CLIP(89-100), which is assigned an arbitrary 1Cg,
value of 1.0.

. Dissociation rates were measured in the absence

of DM for most of the peptides represented in Fig.
2A. Complexes were formed by incubation of 500
nM purified DR1 or DR3 with 2.5 pM biotin-peptide
for 18 to 72 hours. Samples were diluted and incu-
bated with 100 uM HA(306-318) (DR1) or HSP(3-
13) (DR3) in binding buffer at pH 5 and 37°C. At
various time points, samples were placed on ice
and the pH was neutralized with 1 M tris-HCI (pH
7.5) to prevent further dissociation. DR-biotin-pep-
tide complexes were quantified by the europium
fluorescence immunoassay.

. The total rate of peptide dissociation is the sum of

catalyzed and uncatalyzed rates. The catalyzed rate
is equal to k, [DRp-DM]. Under conditions where
peptide dissociation is irreversible, application of the
steady approximation gives

, - kDMl X [DRp]

K + [DRp]

where v = initial reaction velocity and K, = (k_, +
ko) k.
P. E. Jensen, J. Exp. Med. 174, 1111 (1991).
Abbreviations for amino acid residues are as follows:
A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His;
I, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R,
Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.

+ ky[DRp]

. S. N. Witt and H. M. McConnell, Proc. Natl. Acad.

Sci. U.S.A. 88, 8164 (1991).

. L. J. Stern et al., Nature 368, 215 (1994).

. A Geluk et al., J. Immunol. 1562, 5742 (1994).

. G. Malcherek et al., ibid. 153, 1141 (1994).

. Solid-phase HAB06-318) was labeled through the

«-amino group with fluorescein isothiocyanate (FITC)
before deprotection and cleavage. Other peptides,
including MBP(Q0-102) (sequence, HFFKNIVTPR-
TPA) (15), were labeled with FITC after cleavage. Pre-
formed DR1-peptide complexes were diluted to 1 uM
total DR1 and incubated at 37°C in 0.1 M citrate-
phosphate buffer (pH 5) and 0.2% NP-40 in the pres-
ence of 0.1 to 0.2 mM unlabeled HAB06-318) and
the indicated concentration of affinity-purified DM. At
various times, 10-pl samples were removed and
DR1-FITC-peptide complexes were quantified with a
Tosohaas TSK GFC 200 high-performance size-ex-
clusion column (7.8 X 150 mm) and a Shimadzu RF-
10A fluorometer with 490-nm excitation and detec-
tion at 520 nm. The column buffer was 50 mM phos-
phate, 150 mM NaCl, 1 mM dodecyl B-D-maltoside
(pH 7.0) (76). DR eluted between 3.2 and 3.8 min with
a flow rate of 1 mi/min.

We thank K. Wilkinson and L. Stern for valuable
discussions and advice and J. Moore and E. Spotts
for excellent technical support. Supported by grants
AI30554 and AlI33614 from NIH. D.A.W. received
support from the Centers for Disease Control and
Prevention.

1 July 1996; accepted 28 August 1996





