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The peptide editor HLA-DM (DM) mediates exchange of peptides bound to major histocompatibility (MHC) class II molecules

during antigen processing; however, the mechanism by which DM displaces peptides remains unclear. Here we generated a

soluble mutant HLA-DR1 with a histidine-to-asparagine substitution at position 81 of the b-chain (DR1bH81N) to perturb an

important hydrogen bond between MHC class II and peptide. Peptide–DR1bH81N complexes dissociated at rates similar to

the dissociation rates of DM-induced peptide–wild-type DR1, and DM did not enhance the dissociation of peptide–DR1bH81N

complexes. Reintroduction of an appropriate hydrogen bond (DR1bH81N bV85H) restored DM-mediated peptide dissociation.

Thus, DR1bH81N might represent a ‘post-DM effect’ conformation. We suggest that DM may mediate peptide dissociation by a

‘hit-and-run’ mechanism that results in conformational changes in MHC class II molecules and disruption

of hydrogen bonds between bHis81 and bound peptide.

Shortly after being synthesized in the antigen-presenting cell, major
histocompatibility complex (MHC) class II ab heterodimers form
nonameric assemblies with invariant chain (Ii) in the endoplasmic
reticulum and are then transported through the Golgi complex to the
endocytic pathway1,2. During transport through the endocytic path-
way, most Ii is removed from MHC class II molecules by low pH and
acid proteases3, leaving a proteolytic fragment of Ii called ‘CLIP’ bound
to MHC class II molecule4. CLIP acts as a ‘placeholder’ for the MHC
class II groove, inhibiting conformational changes that render the
groove closed5–13, and it must be removed to allow binding of
exogenous peptides to nascent MHC class II complexes. Human
HLA-DM (called ‘DM’ here), or H2-M in mice, is a nonclassical
HLA molecule that is critical in the displacement of CLIP14–17. In
addition to displacing CLIP, DM transiently interacts with empty
MHC class II molecules to generate a peptide-receptive conformation
and is active in the selection of specific peptide–MHC class II
complexes during antigen processing18–26. The two concurrent hypoth-
eses for the recognition of certain peptide–MHC class II by DM relate
to the intrinsic affinity between MHC class II and the peptide22,27,28 or
to subtle structural variations among different peptide-MHC com-
plexes25,29–32, whereby structurally flexible complexes are susceptible to
DM-induced dissociation, and ‘rigid’ complexes are resistant to DM25.
Although those studies may have brought greater understanding of the
criteria for the recognition of specific peptide–MHC complexes by
DM, the exact mechanism for DM effector function remains unknown.

To address the mechanism of DM effector function on peptide
dissociation, we considered altering the hydrogen bonds found
between the peptide backbone and conserved amino acids of the
MHC class II molecule33–37. Published reports have shown that such
hydrogen bonds are crucial for peptide–MHC class II complex
stability. For example, substitution of two acidic residues with amides
in the core of the hydrogen-bond network in I-Ek enhances the
kinetics of peptide exchange at low pH38. Also, substitution of the
histidine at position 81 of the b-chain (‘bHis81’) with arginine reduces
the stability of peptide–I-Ad complexes39. The formation of hydrogen
bonds between bHis81 of I-Ek and peptides contributes substantially
to the thermal stability of the complex40. The possibility that hydrogen
bonds could be involved in DM effector function has been posited
but not experimentally demonstrated. We hypothesized that after
recognizing a suitable MHC class II pocket 1 structure, DM
causes conformational changes that result in the breaking of one or
more hydrogen bonds formed between the peptide backbone and the
MHC class II groove, destabilizing the bound peptide. One of those
hydrogen bonds is the short, strong hydrogen bond formed
between the conserved bHis81 of HLA–DR1 and a carbonyl group
on the main chain of the bound peptide33. This specific hydrogen
bond has various attributes that suggest it could represent a
potential target for DM effector function. To test the hypothesis,
we generated a soluble mutant HLA–DR1 molecule in which
bHis81 was substituted with asparagine (DR1bH81N) to perturb
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that strong hydrogen bond in the pH range in which DM exerts
its greatest effect.

DR1bH81N seemed functional for all aspects tested. However,
peptide–DR1bH81N complexes dissociated very rapidly and indepen-
dently of peptide sequence at rates similar to the accelerated
dissociation rates of complexes of peptide and wild-type DR1
(peptide–DR1WT) in the presence of DM. Although DM recognized
peptide–DR1bH81N complexes, it failed to accelerate the dissociation
rate of peptides from DR1bH81N. The ‘rescue’ mutant DR1(bH81N
bV85H), with potential reintroduction of an appropriate histidine-
mediated hydrogen bond with peptide, restored DM-mediated
dissociation of peptide from the MHC class II molecule. Thus, we
propose that DR1bH81N represents a ‘post-DM effect’ transitional
state. We suggest that DM effects peptide–MHC class II complex
dissociation by a ‘hit-and-run’ mechanism in which transient inter-
action between DM and DR1 causes a conformational change in DR1,
leading to the perturbation of the bHis81 hydrogen bond, resulting in
destabilization of the bound peptide.

RESULTS

Peptide binding of DR1bH81N

To evaluate the effect of substitution of position b81 on peptide-
binding kinetics in a human MHC class II molecule, we produced
soluble recombinant DR1bH81N and did basic physical characteriza-
tion by size-exclusion separation. The profile of DR1bH81N could be
superimposed with that of DR1WT (Fig. 1a), suggesting that there
were no gross structural abnormalities or aggregation and/or degrada-
tion of the mutant ab heterodimer. We next tested the ability of
DR1bH81N to bind peptides and to form SDS-stable complexes in a
‘gentle’ SDS-PAGE assay in which the samples are not boiled. As
shown before26, peptides that bind HLA–DR1 and fill the hydrophobic
pocket 1 with bulky aromatic residues (Trp, Phe and Tyr) or aliphatic
residues (Met, Ile, Val and Leu) form complexes that are resistant to
SDS-induced chain dissociation independent of the dissociation rate
of the peptide–MHC class II complex12. A DR1 molecule with an
empty pocket 1 dissociates into separate a- and b-chains in this assay.
To differentiate between SDS-stable and SDS-sensitive conformations
of DR1, we allowed DR1WT and DR1bH81N to separately bind the
proteolytic fragment of invariant chain (CLIP(81–105), with methio-
nine in pocket 1) or the immunodominant peptide of influenza
virus hemagglutinin (HA(306–318), with tyrosine in pocket 1) or its
synthetic variant (HA(anchorless), with alanine in pocket 1). Similar

to the results obtained with DR1WT, HA(306–318)–DR1bH81N
and CLIP(81–105)–DR1bH81N complexes were SDS stable
(CLIP–DR1 complexes migrate slightly faster than HA (306–318)–
DR1 complexes), whereas both empty DR1bH81N and HA(anchor-
less)–DR1bH81N were SDS sensitive (Fig. 1b). This finding
suggested that the bH81N substitution did not compromise the
ability of DR1 to bind peptides and to undergo peptide-induced
conformational changes.

bH81N does not alter the biphasic nature of peptide binding

We compared the formation of fluorescein isothiocyanate (FITC)–
labeled peptide–DR1 complexes for DR1bH81N and DR1WT. Com-
parison of the association rates for DR1bH81N and DR1WT with
HA(306–318) showed that the bH81N substitution enhanced the rate
of FITC–peptide–DR1 complex formation, but the nature of the curve
was biphasic and similar to that of DR1WT (Fig. 1c). The association
curve for DR1bH81N had a more prominent first phase, presumably
because of the faster dissociation rate of existing peptide–DR1bH81N
complexes (discussed below), which would result in an increased
molar fraction of molecules in the peptide-receptive conformation
during the association reaction. This result was in contrast to the
kinetic pattern of the binding of peptide to DR1bG86Y, which is
monophasic25, presumably because of the bG86Y substitution that fills
pocket 1. That difference is important, as it demonstrated that the
DR1bH81N mutant we generated, unlike DR1bG86Y, is not fixed in a
peptide-receptive conformation.

The bH81N substitution destabilizes peptide–DR1 complexes

To measure the effect of the bH81N substitution on the stability of
peptide–DR1 complexes, we measured the dissociation kinetics of
complexes formed with DR1WT or DR1bH81N using FITC–
HA(306–318) and FITC–HA(anchorless) peptides. The ‘off rates’ of
both peptides from DR1bH81N were accelerated considerably by that
single substitution, and both peptides dissociated with similar half-life
(t1/2) of about 10 min, in contrast to DR1WT, from which HA(306–
318) dissociated with a t1/2 of 6 d and HA(anchorless) peptide
dissociated with a t1/2 of about 1 h (Fig. 2a). For the first set of
experiments, we used the pH range at which HLA–DM is active
(citrate phosphate buffer; pH 5.5). However, because asparagine can
theoretically form hydrogen bonds at a range of higher pH values,
we repeated the experiments at neutral pH, in phosphate-buffered
saline (PBS), pH 7.4 (data not shown). The stability of the
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Figure 1 DR1bH81N binds peptides to form complexes similar to peptide–DR1WT. (a) Size-separation profiles of soluble recombinant DR1WT and

DR1bH81N molecules in PBS analyzed on a column equilibrated in PBS. The main peak corresponding to the ab heterodimer (arrow) appears as expected

at about 36 min for both molecules. (b) SDS stability of peptide–DR1bH81N and peptide–DR1WT complexes incubated in 0.1% SDS in PBS and separated

by 12% SDS-PAGE; gel is silver-stained. HA(anch), HA(anchorless). (c) Kinetics of association of DR1bH81N or DR1WT (2 mM) incubated with excess

(60 mM) FITC–labeled HA(306–318) in citrate phosphate buffer, pH 5.5, in the absence of DM; complexes were separated from unbound peptide and

fluorescence measured was plotted versus time, then data were fitted to biphasic curves. Data are representative of five or more experiments (a,b) or are

from one of three independent experiments (c).
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peptide–DR1bH81N complexes did not increase at neutral pH,
suggesting that strong hydrogen bonds are not formed between
asparagine and peptide. That fast ‘off rate’ from the mutant DR1 in
the absence of DM was nearly identical to the rate for the dissociation
of HA(anchorless) from DR1WT in the presence of DM (Fig. 2b). The
similar half-lives of dissociation were not an artifact due to limitations
in the sensitivity of the assay and did not represent the fastest
possible rate of peptide dissociation from a DR1 molecule. Thus,
these results led us to speculate that DM might function by
disrupting the formation of the hydrogen bond between bHis81 and
peptide backbone.

Modeling of the DR1b81–peptide main chain distance

We compared 11 crystal structures of various human and mouse
peptide–MHC class II complexes using two different modeling soft-
ware programs to model the substitution of asparagines for histidine
at b81 (or its equivalent; Table 1 and Fig. 3). The distance between the
carbonyl group on the bound peptide and the amide group on b81Asn
increased by an average of about 1.1Å relative to that formed with
bHis81. The data represent the closest ‘allowed’ conformation of an
asparagine (Table 1) and suggest that such a substitution would
substantially weaken any hydrogen bond formed between DR1 and
peptide. These data suggested that the rapid dissociation of peptides
from DR1bH81N may have been due to a considerably weakened
hydrogen bond with the backbone of the bound peptide.

DM does not enhance peptide dissociation from DR1bH81N

To determine if peptide–DR1bH81N complexes that presumably lack
the hydrogen bond between bHis81 and the peptide backbone are
susceptible to DM-induced dissociation, we measured the dissociation
of FITC-labeled peptides from DR1WT or DR1bH81N during a short
10-minute incubation in the presence or absence of DM. Although the
addition of DM caused dissociation of about 80% of HA(anchorless)–
DR1WT complexes within 10 min at a ratio of 1:1, its effect on the
dissociation of peptide–DR1bH81N complexes was minimal both for
HA(306–318) and HA(anchorless) (Fig. 4a). We also did the dissocia-
tion experiment at a fixed DM concentration (DR/DM ¼ 5:1)
over time with similar results (Fig. 4b). FITC–HA(306–318) or
FITC–HA(anchorless) dissociated from DR1bH81N with a t1/2 of
about 10 min in the absence or presence of DM.

Given the fast overall dissociation rates of peptide–DR1bH81N
complexes, we attempted a real-time surface plasmon resonance assay
as described25 to evaluate DM-mediated changes in the dissociation
rates of the peptide–DR1bH81N complexes. We injected solutions of
peptide-receptive DR1WT or DR1bH81N over surfaces of BIAcore
CM5 chips coupled to HA(306–318) or to HA(anchorless). We then

allowed the complexes to dissociate in the absence of DM (wash buffer
only) and then in the presence of DM. Using those data, we calculated
the net change in the rate of peptide–DR1 dissociation after injection
of DM. Although DM efficiently accelerated the dissociation of
HA(anchorless) from DR1WT, there was no effect on the dissociation
of DR1bH81N regardless of the peptide bound (Fig. 4c). The upward
slope in net peptide–DR1bH81N bound caused by the addition of
DM was probably due to the ability of DM to mediate the reassocia-
tion of freshly dissociated complexes. Some reassociation of peptide–
DR complexes occurs on BIAcore chips, and the dissociation curves
are thus a net result of both reassociation and dissociation events.

The bH81N substitution does not affect DR1–DM interactions

To ascertain whether the asparagine substitution introduced at posi-
tion b81 did not alter recognition by DM, we measured the change in
the intrinsic tryptophan fluorescence of the two molecules after
mixing. Tryptophan residues in proteins can be selectively excited at
295 nm and will emit with a maximum around 350 nm; however, they
are exquisitely sensitive to the local environment, such that small
changes in ionic polarity can cause a shift in the emission spectrum.
Thus, interactions that cause burial of solvent-exposed tryptophan
residues at the DM–DR interface might cause an enhancement of

Figure 2 Kinetics of dissociation of peptides in

the absence of DM are faster for mutant

DR1bH81N and resemble DM-mediated peptide

dissociation. (a) Dissociation of DR1WT and

DR1bH81N in complex with FITC–

HA(anchorless) or FITC–HA(306–318) in the

presence of a 100� molar excess of relevant

unlabeled peptides. The fluorescence of the
labeled complex before dissociation is arbitrarily

assigned a value of 1.0, and fluorescence after

dissociation is expressed as a fraction of

fluorescence before dissociation. (b) Dissociation

of HA(anchorless)–DR1WT in the absence (t1/2, 53 min) or presence (t1/2, 7.3 min; R2 ¼ 0.997) of DM (DM/DR, 1:1) and HA(308–316)–DR1bH81N

(t1/2, 7.4 min, R2 ¼ 0.986) in the absence of DM, produced and dissociated as described in a. Data from one of three or more independent experiments

were fitted to a single-exponential curve and approximate t1/2 values were calculated.
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Table 1 Increase in hydrogen-bonding distance after His-Asn

PDB ID Allele–peptide residue d(His) d(Asn) (PyMol) Change

1DLH DR1–Lys2 2.69Å 3.86Å (3.75) 1.17Å

1A6A DR3–Lys2 3.03Å 3.80Å (3.75) 0.77Å

1AQD DR1–Asp4 2.68Å 3.67Å (3.48) 0.99Å

1H15 DR2–Val3 2.77Å 3.85Å (3.74) 1.07Å

1HQR DR2–Phe3 3.27Å 4.14Å (4.10) 1.17Å

1HXY DR1–Lys2 2.66Å 3.73Å (3.66) 1.08Å

1J8H DR1–Lys2 2.57Å 3.65Å (3.55) 1.08Å

1KLU DR1–Leu3 3.00Å 4.17Å (4.13) 1.17Å

1KT2 I-Ek–Leu4 3.03Å 4.20Å (4.02) 1.17Å

1KTD I-Ek–Leu4 2.88Å 4.04Å (3.86) 1.16Å

1IEA I-Ek–Val4 2.72Å 4.11Å (3.98) 1.39Å

Modeling of His-Asn substitution with Swiss PDBviewer or PyMol41 for various human
and mouse MHC class II molecule crystal structures. All structures have the conserved
histidine residue; however, the side chains of the peptides whose carbonyl group
potentially form a hydrogen bond with that histidine residue vary (column 2). d(His),
distance between the conserved histidine and the oxygen atom of carbonyl group, as in
the structure; d(Asn), distance between closest allowed ‘conformer’ of asparagine (after
the substitution) and that same carbonyl group; change, d(Asn) – d(His). The potential
hydrogen-bonding distance consistently increases by an average of 1.1Å; hence, the
bond is weaker for the asparagine mutant models for all structures analyzed. PDB ID,
Protein Data Bank accession number.
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overall emission intensity. In the absence of a more specific molecular
‘readout’, this assay can serve as a qualitative measure of transient
DM–DR interactions and has been used for wild-type DR1 (ref. 25).

There was a measurable increase in intrinsic tryptophan fluores-
cence after mixture of DM with any peptide–DR1 complex because of
nonspecific protein-protein interactions in solution (Fig. 5a). How-
ever, that increase in intrinsic tryptophan fluorescence was greater
when the targeted peptide–DR1 complex was ‘DM sensitive’; that is, a
peptide–DR1 complex known to be targeted by DM. We used
HA(anchorless), which binds DR1 without filling binding pocket 1,
to simulate a DM-sensitive conformation. Tyr308 of the HA(306–318)
peptide fills pocket 1, hence HA(306–318)–DR1WT complexes do not
interact specifically with DM25. As expected, there was a measurable
and significant increase in the interaction of DM with HA(anchor-
less)–DR1WT compared with that of HA(306–318)–DR1WT or
HA(anchorless)–DR1bG86Y (P o 0.000001; Fig. 5a,b). We also
noted that trend with peptide–DR1bH81N complexes; DM interacted
with HA(anchorless)–DR1bH81N significantly more than with

HA(306–318)–DR1bH81N (Po 0.000001). Hence, the recognition of
DR1 conformation by DM is not disturbed by the bH81N substitution
and only the effector function of DM is compromised. We also
measured the intrinsic tryptophan fluorescence of DR1bG86Y and
of the double mutant DR1(bH81N bG86Y). Both of those DR1
molecules have a bG86Y substitution at the base of binding pocket
1. Thus, pocket 1 is filled by a tyrosine residue even in the absence of
peptide and those molecules are not expected to be recognized by DM.
Indeed, DR1bG86Y and DR1(bH81N bG86Y) produced tryptophan
fluorescence values similar to those of HA(306–318)–DR1WT and
HA(306–318)–DR1bH81N, respectively (Fig. 5b). These data sug-
gested that the lack of DM-mediated dissociation of peptide–
DR1bH81N complexes cannot be attributed to lack of recognition
of DR1bH81N by DM.

DM can mediate peptide binding to DR1bH81N

We incubated soluble DR1WT or DR1bH81N molecules with FITC–
HA(306–318) peptide in the presence of DM for various times at
37 1C at a DR/DM ratio of 5:1 and a pH of 5.5 and analyzed complex
formation by fluorimetry. Notably, the presence of DM converted the
biphasic binding of FITC–HA(306–318) to DR1bH81N into a mono-
phasic binding curve, similar to that of DR1WT (ref. 25; Fig. 5c,d). A
monophasic binding curve is indicative of the conversion of DR1 to a
peptide-receptive form. These observations further supported our
earlier conclusion that the interaction of DR1bH81N with DM
remained intact and that the bH81N substitution did not interfere
with conformational changes necessary for the conversion of
DR1bH81N to a peptide-receptive form. Thus, the effect of DM in
enhancing the association of peptide with an empty DR molecule may
be distinct from its effect in mediating peptide dissociation and the
former may not involve bHis81. These data collectively suggested that
breaking the hydrogen bond between bHis81 and peptide by DM
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Figure 4 DM has a minimal effect on the dissociation of peptide from DR1bH81N. (a) Dissociation of complexes of FITC–HA(anchorless)–DR1WT,

FITC–HA(308–316)–DR1bH81N and FITC–HA(anchorless)–DR1bH81N (2.5 mM), allowed to dissociate separately for 10 min as described in Figure 2a in

the absence (–DM) or presence of various concentrations of DM. The fluorescence reading of complexes dissociated in the absence of DM was arbitrarily

assigned a value of 1.0, and measurements are expressed as fractions of that value. Data are from one of three experiments. (b) Dissociation of complexes

of DR1bH81N and FITC–HA(anchorless) or FITC–HA(308–316), allowed to dissociate as described in a in the presence (+ DM) or absence of DM (DM/DR,

1:5). The t1/2 values for all the reactions from the single-exponential curve fits are very similar: without DM, about 10 min; with DM, about 8 min; R2 ¼
0.959–0.997. Data are from one of at least three experiments. (c) Dissociation of complexes of HA(Y308A)–DR1WT or HA(308–316)–DR1bH81N (2.5 mM)

allowed to bind to an HA(anchorless) or HA(308–316) surface, respectively, and then allowed to dissociate for 20 min in the absence of DM and for a

further 20 min in the presence of 8 mM DM at a pH of 6.0. Curves were obtained by subtraction of the curve obtained with DM from the curve obtained

without DM and assignment an arbitrary value of 0 for the relative units obtained at time 0. Data are from one of two experiments.

Figure 3 Pocket 1 of HA(306–318)–DR1. Based on modeling programs,

bHis81 (yellow; 2.69Å) but not the substituted residue b81Asn (cyan;

3.75Å) of DR1 forms a short, strong hydrogen bond (dashed lines) with the

carbonyl group (*) on Lys307 of HA(306–318) (light green). The residues

substituted for histidine in the ‘rescue’ mutants, b85Val (w) and b82Asn (z),
are green; a- and b-chains of DR1 are blue and red ribbons, respectively;

and acidic and basic groups on the relevant side chains are red and blue,

respectively. Bottom, enlargement of boxed area (pocket 1) above. Structure
rendered by PyMol based on the crystal structure of HA(306–318)–DR1.
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might be a key step for peptide dissociation and that the peptide–
DR1bH81N complex may represent a ‘post-DM effect’ transitional
state. That could explain our observations that peptide–DR1bH81N
complexes dissociated with a ‘DM-mediated’ kinetic pattern and that
DM did not further accelerate that dissociation even though it could
recognize and interact with the peptide–DR1bH81N complexes.

Reintroduction of histidine in DR1bH81N restores DM function

To ascertain if the hydrogen bond formed between the carbonyl
group of the peptide backbone and bHis81 is the main target for
DM-induced peptide dissociation, we engineered two additional DR1
constructs. We designed DR1(bH81N bV85H) to reintroduce a
histidine residue in the pocket 1 area such that the reactive imidazole

side-chain points toward and is within hydrogen-bonding distance of
the peptide. In parallel, we designed the ‘mock rescue’ mutant
DR1(bH81N bN82H) to introduce a histidine residue in the same
region of DR1, but with the reactive group facing away from pocket 1.
Based on the crystal structure of HA(306–318)–DR1WT (Protein Data
Bank accession number, 1DLH) modeled by PyMol41, the potential
minimum hydrogen-bond distances between histidine and the rele-
vant carbonyl group (Lys307, for HA(306–318)) would be about 2.4Å
for DR1(bH81N bV85H) and about 5.05 Å for DR1(bH81N bN82H)
(Fig. 3). Thus, DR1(bH81N bV85H) was designed to present a
possible exposed hydrogen-bond target for DM, whereas
DR1(bH81N bN82H) presumably does not.

We expressed and characterized each double-mutant DR1 molecule
as described above. Size-separation chromatography (Supplementary
Fig. 1 online) and reactivity with conformation-specific antibody L243
(data not shown) indicated proper folding of the proteins. A ‘gentle’
SDS-PAGE assay showed that these double-mutant molecules
formed either faint or no discernable SDS-stable bands with peptide
(Supplementary Fig. 2 online), presumably because of minor con-
formational changes in the peptide-binding groove that rendered the
peptide–DR1 complexes more susceptible to SDS. However, both
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Figure 6 Reintroduction of an appropriate histidine residue partially restores DM-

mediated dissociation. (a) Fluorescence of DR1(bH81N bV85H) and DR1(bH81N

bN82H) associated with excess FITC–HA(306–318) in citrate phosphate buffer, pH 5.5.

in the presence or absence of DM (DM/DR ¼ 1:5) as described in Figure 5c,d; data

from one of two experiments are fitted to biphasic or monophasic curves for groups

without or with DM, respectively. (b) Dissociation of HA(308–316)–DR1(bH81N bV85H)

(t1/2, 4.2 min; R2 ¼ 0.985) and HA(308–316)–DR1(bH81N bN82H) (t1/2, 4.0 min;

R2 ¼ 0.999) complexes in the absence of DM, analyzed as described in Figure 2a. Data

were fitted to a single-exponential curve and approximate t1/2 values were calculated.

(c) Dissociation of FITC–HA(anchorless) in complex with DR1(bH81N bV85H) or

DR1(bH81N bN82H), allowed to dissociate separately for 5 minutes as described in

Figure 4a, in the absence (–DM) or presence of various concentrations of DM. Fluorescence is expressed as a fraction of complexes dissociated in the

absence of DM. (d) Dissociation of HA(anchorless) from double mutants as described in Figure 2a (DM/DR ¼ 1:5). FITC–HA(anchorless) dissociates from

DR1(bH81N bN82H) with a t1/2 of about 1 min in the presence (R2 ¼ 0.987) or absence (R2 ¼ 0.998) of DM and dissociates from DR1(bH81N bV85H)

with a t1/2 of about 4 min in the presence of DM (R2 ¼ 0.944) and with a t1/2 of about 1 min in the absence of DM (R2 ¼ 0.994). Data for dissociation

kinetics are from one of at least four independent experiments.

Figure 5 The bH81N substitution does not alter the interaction of DM

with DR. (a) Tryptophan fluorescence of DR1WT or DR1bH81N (0.2 mM)

in complex with HA(anchorless) or HA(308–316) incubated in citrate

phosphate, pH 5.5, before and after the addition of 0.1 mM DM, monitored

from 310 nm to 410 nm after excitation at 295 nm. Raw data here are

from one of two experiments after subtraction of ‘blank’ values (citrate

phosphate only). (b) Average change in fluorescence (DTrp fluorescence)

over 310–390 nm obtained from the raw data in a. *, P o 0.000001.
(c,d) Fluorescence of 2 mM DR1WT (c) or DR1bH81N (d) incubated for

various times at 37 1C with 60 mM FITC–HA(308–316) in citrate phosphate,

pH 5.5, in the presence (+ DM) or absence (– DM) of 1 mM DM; complexes

were separated from excess fluorescent peptide for fluorescence

measurement. Data obtained with DM were fitted to monophasic association

curves for both DR1WT and DR1bH81N. Data are from one of at least two

independent experiments.
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DR1(bH81N bV85H) and DR1(bH81N bN82H) were capable of
binding peptide over time. The association curves for both were
biphasic and were converted to monophasic binding curves by DM
(Fig. 6a), suggesting that, notably, the ability of DM to interact with
and mediate peptide association with these double mutants was not
affected. The binding of peptide to DR1(bH81N bV85H) and to
DR1(bH81N bN82H) was fast and the resulting complexes dissociated
extremely rapidly, with a t1/2 of less than 5 min, as assessed by
fluorescence (Fig. 6b) and surface plasmon resonance (Supplemen-
tary Fig. 3 online). These results confirmed our earlier conclusion that
although bHis81 may not be involved in peptide association to DR
in the presence or absence of DM, it is critical for the stability of
bound peptide.

The reintroduction of histidine in two different positions did have a
considerable effect on sensitivity of these DR molecules to DM-
mediated peptide dissociation. DM was able to dissociate a third of
the ‘DM-sensitive’ peptide HA(anchorless) from DR1 DR1(bH81N
bV85H) within just 5 min, but had no effect on DR1(bH81N bN82H)
in this experiment (Fig. 6c). A time-course kinetic experiment also
showed that DM accelerated the dissociation of HA(anchorless) from
DR1(bH81N bV85H) but not from DR1(bH81N bN82H) (Fig. 6d).
The lack of a DM-mediated effect on peptide–DR1(bH81N bN82H)
complex dissociation cannot be solely due to the rebinding of
dissociated peptides, as the experiments were done in the presence
of an approximately 50-molar excess of unlabeled HA(306–318)
competitor peptide to reduce the possibility of rebinding of the
FITC–labeled peptide.

In summary, comparison of two to three independent experiments
for each group at a DM/DR ratio of 1:5 showed that DM was unable
to catalyze the dissociation of peptide–DR1bH81N complexes within
10 min (Fig. 4a). However, with the ‘rescue’ mutant DR1(bH81N
bV85H) but not with the ‘mock rescue’ mutant DR1(bH81N
bN82H), DM effector function was restored and DM was able to
dissociate on average about half of those complexes by 10 min
(Fig. 6c). Overall, these data established that the hydrogen bond
formed between bHis81 and the carbonyl group of the bound
peptide is a chief target for DM-induced peptide–MHC class II
complex dissociation. We propose that DM may act by a ‘hit-and-
run’ mechanism in the antigen-presenting cell (Supplementary
Fig. 4 online), in which DM perturbs the hydrogen bonds, mainly
the bHis81 hydrogen bond between peptide and the MHC
class II molecule, to mediate dissociation of the peptide–MHC
class II complex.

DISCUSSION

Published reports have defined conformational differences between
peptide–MHC class II complexes as being a dominant factor in
recognition by HLA-DM25. Here we have presented evidence that
DM dissociates the peptide–MHC class II complexes that it recognizes
by perturbing a critical hydrogen bond between a conserved histidine
residue on the b-chain of the MHC class II molecule and the peptide
backbone. In our experimental design we used substitution on the
MHC class II molecule HLA-DR1 (bH81N) to perturb a short, strong
hydrogen bond formed between the peptide backbone and DR1,
destabilizing the bound peptide. We specifically chose to alter
bHis81 for several reasons: bHis81 is a highly conserved residue
among different MHC class II alleles, even across species, and is
positioned directly above pocket 1 of the peptide-binding groove. That
region of DR1 is critical in peptide-MHC complex stability12,42,43 and
also maps to the purported interface for DM interaction25,30. A study
of all human and mouse peptide–MHC class II crystal structures in

the Protein Data Bank has shown that the histidine above pocket 1
forms a strong conserved hydrogen bond with peptide, and modeling
of a substitution of that residue with asparagine demonstrated con-
siderable weakening of the putative hydrogen bond in ‘allowed’
models. We appreciate that the modeled substitutions were based on
crystal structures and therefore cannot account for possible local or
global conformational changes that could alter the hydrogen-bonding
distance. Nevertheless, the consistent and substantial increase in the
potential hydrogen-bond distance between the carbonyl group of
peptide and the substituted b81Asn side chain correlates well with
the accelerated dissociation rates observed. Thus, disruption of the
conserved hydrogen bond destabilizes the bound peptide, consistent
with the observation that disruption of the orthologous bHis81
hydrogen bond in a mouse mutant MHC class II molecule I-Ek

reduces the thermal stability of peptide–I-Ek complexes40.
Introducing the bH81N substitution in DR1 had a profoundly

destabilizing effect on the peptide–DR1 complex independent of the
peptide sequence, whereas that substitution did not affect the ability of
the molecule to bind peptides. Disruption of that specific histidine-
mediated hydrogen bond rendered the other hydrogen bonds that line
the peptide-binding groove almost irrelevant, suggesting that perturb-
ing that single bond of an MHC class II molecule may be an
energetically efficient way to destabilize the bound peptide. Thus, it
seems plausible that the bHis81 hydrogen bond could be targeted by
DM to dissociate peptides from DR1.

Indeed, in the absence of DM, peptides dissociated from
DR1bH81N molecules with kinetics very similar to those of the
DM-mediated peptide dissociation from DR1WT, and DM could
not accelerate the dissociation of peptides from DR1bH81N. Those
results suggest that the conformation of the mutant DR1bH81N may
closely resemble an intermediate conformation of DR1 immediately
after interaction with DM. Thus, HLA-DM mediates the dissociation
of ‘DM-sensitive’ peptides from DR1 by inducing a conformational
change in DR1 that perturbs the bHis81 hydrogen bond.

The validity of the model described above was strengthened by the
finding of partial reconstitution of DM-mediated peptide dissociation
in the double mutant DR1(bH81N bV85H), presumably because of
the reappearance of an appropriate histidine-mediated hydrogen bond
with peptide in the vicinity of pocket 1. The accessibility and
position of the histidine is critical, as substitution of a buried residue
in the same region of DR1 (DR1bH81N bN82H) did not restore DM
effector function. Modeling a histidine at b82 in the HA(306–318)–
DR1 structure would allow that residue to be in close proximity
to the Lys307 carbonyl group of the bound peptide. However, any
hydrogen bond formed is likely to be considerably ‘kinked’ because of
the position of the reactive groups and is therefore likely to be much
weaker than the b81His hydrogen bond. The rapid dissociation of
peptides from the double mutants and the less-than-complete recon-
stitution of DM function could be attributed to slight conformational
changes in those molecules. Nonetheless, DM-mediated dissociation
of peptides from DR1 was partially restored in the presence of an
appropriate hydrogen bond, suggesting that DM indeed targets
the hydrogen bond formed by bHis81 in DR1WT to mediate
peptide dissociation.

A mutant form of DR1, DR1bG86Y, has been reported that does
not interact with DM and remains refractory to DM-induced peptide–
DR1 complex dissociation. Here we have demonstrated that the new
mutant DR1bH81N did interact with DM but was still refractory to
DM-induced dissociation. We propose that those two mutant DR1
molecules allow categorization of the interaction of DM with MHC
class II into two distinct steps: first, recognition of the peptide–MHC
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ligand, which is conformation dependent, followed by an effector
function that results in conformational changes in DR that perturb a
highly conserved hydrogen bond between bHis81 and the peptide
main chain.

A ‘hit-and-run’ mechanism might explain those observations.
In our model, DM interacts transiently and perhaps repetitively
with HLA-DR1 to induce conformational changes that lead to the
disruption of hydrogen bonds between peptide and MHC class II. A
‘hit-and-run’ mechanism implying transient macromolecular interac-
tions has been reported for several biological systems, especially those
involving enzymatic reactions44,45. That proposed mechanism can
explain observations that complexes of DM–MHC class II are not
readily detectable46 and might explain the lack of success in obtaining
DM–MHC class II ‘cocrystals’ in all conditions reported so far.

In the low-pH compartments of an antigen-presenting cell, a DR1
molecule that is empty has a closed peptide-binding groove and the
molecule is in a conformation that is DM sensitive. A DM ‘hit’ rescues
the molecule from denaturation and generates an open conformation
that is peptide receptive. The bHis81 residue presumably does not
form an energetically important bond in empty DR; hence, DM can
mediate peptide association with the mutant DR1bH81N. If peptide is
not available in the milieu, the DR molecule collapses again, as the
lifetime of the peptide-receptive conformation is very short11,32,47.
However, if peptide binds DR1 without filling pocket 1, the DR1
molecule remains in a ‘floppy’ conformation. DM can recognize and
interact with such a complex to induce conformational changes that
result in perturbation of the hydrogen bond between DR1 and the
bound peptide. We suspect that the destabilization of that hydrogen
bond might be the effect rather than the cause of the conformational
change induced by the DM ‘hit’. As a result, the bound peptide is
released, yielding an empty and peptide-receptive DR1 that is now
ready to bind another peptide. Finally, if DR1 binds a peptide that fills
its pocket 1, the complex acquires a DM-insensitive conformation.
Because DM recognition is now abolished, the DR1 molecule remains
bound to the peptide and is presumably exported to the cell surface.

Thus, whereas the recognition function of DM on peptide–MHC
class II complexes is selective and depends on the sequence of the
peptide bound, its ability to dissociate peptide is sequence indepen-
dent and targets a conserved feature of the peptide–MHC class II
complex (that is, hydrogen bonds that stabilize peptides in the
groove). Notably, those intricacies can be reduced to a single action
that can be assigned to DM: the generation of a peptide-receptive
conformation of MHC class II by opening of the peptide-binding
groove of the molecule. Furthermore, as that conformation by itself is
DM sensitive, various peptides can be screened in succession until the
DM-insensitive peptide-DR complex is identified. Thus, the newly
generated pool of peptides in the antigen-presenting cell undergo
selection by a process of elimination by HLA–DM before being
expressed on the cell surface.

METHODS
Construction of soluble DR1 mutants. Mutant molecules DR1bH81N,

DR1(bG86Y bH81N) (filled pocket 1), and DR1(bH81N bV85H) and

DR1(bH81N bN82H) (‘rescue’ mutants) were generated as follows. The cDNA

encoding the extracellular domain of DRB1*0101 was mutated to change

b81His to b81Asp. Wild-type genes (DRA and DRB1*0101) were cloned into a

dual-promoter pAcUW51 vector (Pharmingen). The HLA-DRA and G86Y

mutant DRB1*0101 was cloned into pAcUW51 vector in a similar way43. The

desired substitution was introduced into b-chains of DR1 in both constructs

through site-directed mutagenesis (Stratagene) with two synthetic primers

complementary to opposite strands containing the nucleotides to be changed.

The sequence of oligonucleotide used was 5’-CGGTGGACACCTACTGCA

GAAACAACTACGGGG-3¢ (coding strand; altered nucleotides underlined).

For the ‘rescue’ mutants, the mutations were introduced into the b-chain of

DRB1*0101H81N with the primers 5¢-GGACACCTACTGCAGAAACCAC

TACGGGGTTGG-3¢ for DR1(bH81N bN82H) and 5¢-CCTACTGCAGAAA

CAACTACGGGCATGGTGAGAGCTTC-3¢ for DR1(bH81N bV85H) (coding

strand; altered nucleotides underlined). Clones containing the mutated genes

were screened by sequencing and transfer vectors containing the desired

mutations were used for transfecting Sf 9 cells to generate recombinant

baculovirus and were then used for protein production43.

Production of recombinant soluble DR1 and DM proteins. Soluble DR1

proteins were expressed and purified as originally described48. Baculovirus

DNA (BaculoGold; PharMingen) and transfer vectors carrying wild-type or

mutated genes were transfected together into Sf 9 insect cells to produce

recombinant viruses. Hy5 cells were infected with the recombinant viruses

and DR1 proteins were purified from culture supernatants with immunoaffi-

nity chromatography columns with monoclonal antibody L243 to DR1

(purified from HB-55 hybridoma; American Type Culture Collection). Wild-

type and mutant DR1 molecules migrated similarly by SDS-PAGE

with the expected sizes of a- and b-subunits when samples were boiled

before electrophoresis.

Soluble HLA-DM was expressed by Hy5 cells transduced with recombinant

baculovirus containing extracellular domains of the genes encoding the a- and

b-chains of human HLA-DM. The truncated DM a- and b-chains were

genetically modified to contain the Flag epitope (DYKDDDDK) and the

c-Myc epitope (EQKLISEEDL) respectively, at their C termini. Protein

was purified from culture supernatants with monoclonal antibody to M2

(anti-Flag) sepharose resin (Sigma), was eluted with 0.1 mg/ml of Flag peptide

in 0.05% (weight/volume) sodium azide in PBS, was further purified by

gel-filtration chromatography (Superdex 200 HR 10/30 column; Amersham

Pharmacia) and was stored at –80 1C at a concentration of about 1 mg/ml in

0.05% (weight/volume) sodium azide in PBS.

SDS-PAGE. SDS-PAGE was done essentially as described6,43. DR1WT or

DR1bH81N (1 mM) was incubated for 24 h at 37 1C without any additional

peptide or with various peptides (100 mM) in either PBS, pH 7.4, or citrate

phosphate buffer, pH 5.5. In the latter pH condition, reaction samples were

neutralized before being mixed with equal volumes of SDS-PAGE sample buffer

containing 0.1% (weight/volume) SDS (final concentration) and were incu-

bated for 10 min at 25 1C. Samples were then separated by 12% SDS-PAGE and

the gels were silver-stained according to standard protocols.

Peptide synthesis and labeling. HA(306–318) (PKYVKQNTLKLAT) and the

variants HA(Y308A) (PKAVKQNTLKLAT) and HA(anchorless) (PKAV

KANGAKAAT) (substituted amino acids underlined) were purified to apparent

homogeneity of over 95% by reverse-phase preparative high-performance

liquid chromatography and their identities were confirmed by mass spectro-

metry. Then, a 0.15-mM solution of Cys–HA(306–318) or Cys–HA(anchorless)

in 10 ml PBS was incubated for 1 h at 25 1C with 25 ml of 75 mM fluorescein-5-

maleimide (Molecular Probes) in N,N-dimethylformamide. Samples were

concentrated to 0.1 ml in a SpeedVac (Savant Instruments). Excess free

fluorescent label was removed by passage of the sample through a Sephadex

G-10 column (Amersham Pharmacia Biotech). Concentrations were deter-

mined by spectrophotometry according to the extinction coefficient of fluor-

escein-5-maleimide (83 mM–1 cm–1).

Peptide association and dissociation assays. Purified DR1WT or DR1bH81N

(2.4 mM) was incubated for various times at 37 1C in the presence or absence of

1 mM DM with 100 mM fluorescence-labeled peptides in 0.15 M citrate

phosphate buffer, pH 5.5. After removal of free peptides by a Sephadex G-50

spin column equilibrated with PBS, pH 7.4, fluorescence emission of the FITC–

peptide–DR complexes was measured at 25 1C and 514–516 nm with excitation

at 492 nm on a Fluoromax3 spectrofluorometer (Horiba Jobin-Yvon) with a

slit width of 2 nm. For dissociation assays, DR1 was incubated at 37 1C with

fluorescent peptides in 0.15 M citrate phosphate buffer, pH 5.5, for at least 48 h

to yield maximal loading. For double mutants, that incubation was done

overnight because of quick association. Samples were then spun through

a Sephadex G-50 spin column equilibrated with 0.15 M citrate phosphate,
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pH 5.5, for removal of excess unbound peptides. Samples were then incubated

for the required length of time at 37 1C with excess unlabeled competitor

peptide (usually 50-molar excess) in the presence or absence of various

concentrations of DM. After one more spin through a Sephadex G-50 spin

column for removal of dissociated fluorescent peptide, fluorescence was

measured as described above.

Intrinsic tryptophan fluorescence measurements. Complexes of DR1WT,

DR1bG86Y, DR1bH81N or the double-mutant DR1 (0.2 mM) with HA(306–

318) or HA(anchorless) were incubated at 37 1C and the intrinsic fluorescence

due to surface tryptophan residues of peptide–DR1 complexes alone or of

complexes immediately after the addition of DM (0.1 mM) was measured. Care

was taken to use protein solutions of the exact same concentration in different

runs. The buffer in all cases was 0.15 M citrate phosphate, pH 5.5. Samples were

excited at 295 nm (to minimize interference from tyrosine residues) and

emission was monitored in a range of 310–430 nm on a temperature-controlled

Fluoromax-3 fluorometer with a slit width of 5 nm.

Surface plasmon resonance measurement of dissociation rates. Cys–

HA(306–318) or Cys–HA(anchorless) peptides were immobilized on an sulfo-

succinimidyl4-(p-maleimidophenyl)-butyrate (SMPB)–activated CM5 chip in

a BIAcore 2000, and HA(306–318)–DR1bH81N or HA(Y308A)–DR1WT

complexes (about 2.5 mM) were allowed to bind to the peptide surface for

4 min (ref. 20). Complexes were allowed to dissociate for about 20 min, after

which a solution of DM (8 mM in citrate phosphate, pH 6.0) was injected over

the surface and dissociation was monitored for another 20 min. The running

buffer was citrate phosphate, pH 6.0, and the flow speed was maintained at

10 ml/min. As a negative control, DM was injected over a HA(306–318)–

DR1WT surface; that allowed a surface plasmon resonance measurement of

nonspecific DM interaction with the surface. That ‘readout’ was then factored

into the raw data for complex dissociation obtained with DM to obtain the

dissociation of DR1 only from the surface after the addition of DM.

Data analysis. Grafit or Origin 6.1 software was used for all kinetic analyses. All

raw association data were fitted into single- or double-exponential association

equations as follows: Y ¼ Y0 + A1 (1 � e�x/t1), and Y ¼ Y0 + A1 (1 � e�x/t1) +

A2 (1 � e�x/t2), where ‘Y0’ is offset, ‘A1’ and ‘A2’ are the amplitudes, and ‘t1’

and ‘t2’ are the width constants (for association curves) or decay constants (for

dissociation curves) for phase 1 and phase 2 of the biphasic reactions,

respectively. All raw dissociation data were fitted into single-exponential

dissociation equations as follows: Y ¼ Y0 + A1e–x/t1. In the surface plasmon

resonance experiments, the raw dissociation in the absence of DM best fitted a

biphasic curve: Y ¼ Y0 + A1e–x/t1 + A2e–x/t2 (calculations, Supplementary

Note online).

Note: Supplementary information is available on the Nature Immunology website.
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