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HLA-DO (DO) is a nonclassic class Il heterodimer that inhibits the
action of the class Il peptide exchange catalyst, HLA-DM (DM), and
influences DM localization within late endosomes and exosomes.
In addition, DM acts as a chaperone for DO and is required for its
egress from the endoplasmic reticulum (ER). These reciprocal
functions are based on direct DO/DM binding, but the topology
of DO/DM complexes is not known, in part, because of technical
limitations stemming from DO instability. We generated two
variants of recombinant soluble DO with increased stability
[zippered DOaP11A (szDOv) and chimeric sDO-Fc] and confirmed
their conformational integrity and ability to inhibit DM. Notably,
we found that our constructs, as well as wild-type sDO, are in-
hibitory in the full pH range where DM is active (4.7 to ~6.0). To
probe the nature of DO/DM complexes, we used intermolecular
fluorescence resonance energy transfer (FRET) and mutagenesis
and identified a lateral surface spanning the a1 and «2 domains
of szDO as the apparent binding site for sDM. We also analyzed
several sDM mutants for binding to szDOv and susceptibility to DO
inhibition. Results of these assays identified a region of DM im-
portant for interaction with DO. Collectively, our data define a pu-
tative binding surface and an overall orientation of the szDOv/
sDM complex and have implications for the mechanism of DO in-
hibition of DM.

antigen processing \ antigen presentation | MHC class Il

M ajor histocompatibility complex (MHC) class II molecules
present peptides on the antigen-presenting cell (APC)
surface to sensitize CD4* lymphocytes. The class II presentation
pathway is well-characterized and includes roles for three ac-
cessory molecules: invariant chain (Ii), HLA-DM (DM), and
HLA-DO (DO) (1). Newly synthesized MHC class II molecules
bind to Ii in the ER. A trafficking signal in the cytoplasmic do-
main of invariant chain directs the complex to late endosomal
compartments (2, 3), called MIIC (MHC II containing com-
partments). The invariant chain (Ii) is proteolytically degraded in
this low-pH environment, leaving a nested set of invariant chain
fragments, CLIPs (class II-associated invariant chain peptides),
in the class II peptide-binding groove (4). CLIP is ultimately
exchanged for antigenic peptides by DM, a nonclassic MHC class
II molecule, which further influences peptide selection in a pro-
cess termed “peptide editing” (5-10). DM also stabilizes empty
MHC class II to maintain a peptide receptive structure; other-
wise, empty MHC class II proteins become peptide averse (11).

DO, another nonclassic MHC class II of heterodimer, first
was described as an inhibitor of DM function, because over-
expression of DO in human cells increased levels of CLIP-bound
class II molecules (12, 13). In vitro evidence most often cor-
roborated the view of DO as a negative modulator of DM (12,
14). Results suggesting that DO inhibition of DM is robust at
early endosomal pH (6.0-6.5) and attenuated at the lower pH
(4.5-5.0) of late endosomal/lysosomal MHC II containing com-
partments (MIICs) (14) raised the possibility that DO modifies
DM-mediated peptide exchange by limiting the location of fully
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functional DM. This idea was consistent with evidence that DO
decreased presentation of antigens taken up by fluid-phase en-
docytosis and enhanced BCR-mediated antigen presentation (14).
DO does not unequivocally facilitate antigen presentation by all
BCRs, however (15).

DO has been reported to have several functions. It mediates
redistribution of DM from internal vesicles to the limiting mem-
brane of multivesicular bodies (16) and contributes to reduced
DM sorting to exosomes (17). Constitutive overexpression of DO
in dendritic cells blocks disease in the nonobese diabetic (NOD)
mouse model of type 1 diabetes (18). Finally, DO expression in
murine B cells limits their participation in the germinal center
reaction through effects on antigen presentation (19). However,
the full physiological function of DO is still unclear.

In human B lymphocytes, the majority of DO is in complex
with DM. DO/DM complexes are capable of egress from the ER
(12, 20-22), whereas DO alone is not (23), most likely because of
improper folding (24). DO instability has made functional,
structural, and biochemical studies difficult. However, Thibo-
deau and coworkers found a point mutation (DOaP11V) that
allows DO to independently egress the ER (23); this mutation is
in a sequence stretch predicted by homology to influence o/p
pairing. Mutation of DOaP11 allows expression in insect cells of
more stable, secreted DO molecules for biochemical studies. We
characterized the behavior of these molecules in DM inhibition
assays, and we used in vitro fluorescence resonance energy
transfer (FRET) assays and mutagenesis to study DO/DM
binding orientation. Our findings have implications for the role
and mechanism of action of DO.

Results

Production and Characterization of Recombinant Soluble DO. Using
S2 insect cells, we expressed the luminal domains of DOa and
DO, with additions of an aP11A mutation and C-terminal
complimentary leucine zippers for increased stability, and epi-
tope tags for purification (Fig. S1 A4 and B). The final yield was
0.5-1.0 mg/L insect cell supernatant, similar to MHC class II
proteins such as DQ or I-A (Fig. S1C). Purified recombinant
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soluble, modified DO (hereafter “szDOv”) contained a single
glycan at position DOa79N (Fig. S1 D-F). To test whether
szDOv protein was functional, we measured its capacity to in-
hibit sDM in endpoint class II peptide-loading assays. szDOv
inhibited peptide exchange by sDM in a concentration-de-
pendent manner, whereas two control proteins, IgG Fab (frag-
ment antigen-binding region) and BSA, did not (Fig. 14). The
functionality of szDOv molecules and their conformational in-
tegrity (confirmed by precipitation with a conformation sensitive
mAD; see Fig. 3B) supported their use in further studies. We also
used S2 insect cells to prepare sDO-Fc, with the DOa and - C
termini fused to human IgG; Fc (crystallizable fragment)
domains for stabilization, as described previously (14). DO was
also expressed with DM in insect cells, and preformed DO/DM
complex was purified from supernatants. The DO/DM complex
was very stable, with slow dissociation over months at 4 °C (Fig.
S1G). Following dissociation from DO, DM regained full activity
in peptide association assays (Fig. S1H).

Soluble DO: pH-Independent Inhibition. It has been reported that
the inhibition of DM by sDO-Fc is strikingly pH-dependent, with
little or no inhibition at pH < 5.5 (14). Differently from this, we
found that szDOv inhibits DM function across a pH range of
4.7-6.0 (Fig. 1B). At pH 7.0, DM peptide-loading activity was too
low to evaluate inhibition, as expected based on prior data
showing pH 4.5-6.0 as an optimal pH range for DM catalytic
function (14, 21). The lack of pH dependence of DO activity
potentially could have been attributable to the introduction of
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Fig. 1. pH-independent inhibition by recombinant soluble DO. (A4) In-
hibition of DM-mediated peptide loading by szDOv at pH 5. Binding of HA-
biotin peptide to sDR4-CLIP with or without sDM and the indicated amounts
of szDOv or control proteins was measured by capture ELISA. Data, from one
of two experiments with similar results, are expressed as normalized fold
change, with enhancement of peptide loading with sDM alone normalized
to 1. (B) Inhibition of DM-mediated peptide loading by szDOv at pH 4.7-7.0.
Capture ELISA data, from one of two experiments with similar results,
showing loading of HA-biotin peptide on sDR4-CLIP with sDM in the pres-
ence of titrated amounts of szDOv at the indicated pH and expressed as
normalized fold change, with loading by sDM alone at pH 5 normalized to 1.
(C) Inhibition of DM-mediated peptide loading by sDO-Fc at pH 4.5-7.0.
sDR1 was incubated with or without sDM, sDO-Fc, or sDO/sDM complex in
citrate (pH 4.5-6), 2-(N-morpholino)ethanesulfonic acid (Mes) (pH 6.5), or
Hepes (pH 7). Reactions were initiated by adding Alexa-488-HA peptide, and
FP was measured over time. Changes in initial rate (determined from linear
fits to early portions of FP change against time) were measured. Data,
representative of three experiments, are fold change in initial rate of
loading + SE, relative to loading with sDM at pH 5.0. (D) sDO inhibition of
sDM-mediated peptide loading at pH 4.5-7.0 after 5 d. FP values (mP) after
5 d of incubation of indicated proteins at indicated pH are shown.
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the aP11A mutation or the leucine zipper (Fig. S14). To test
this, we used sDO/sDM in complex or sDO-Fc (both without
the aP11A mutation) and measured DM inhibition at pH 4.5-
7.0. We used fluorescence polarization (FP) for real-time
measurement of peptide/DR association. DO inhibition of
sDM was effective at pH 4.5-6.0 using sDO-Fc (Fig. 1C). To
verify that DO was acting on DM, and not inhibiting DR/
peptide association directly, we allowed the reactions in Fig. 1C
to come to equilibrium, because the catalytic action of DM
influences the kinetics of DR/peptide interaction but not the
equilibrium. At 5 d, all reactions had levels of DR1/peptide
similar to that of sSDR1 and peptide alone (Fig. 1D). Thus, DO
molecules reduce the levels of complex in the shorter time
frame by affecting DM catalytic action. We also studied pre-
formed sDO/sDM complex over the same pH range (Fig. 1C).
No increase in DM activity was observed for sDO/sDM at
acidic pHs; DO inhibited DM completely whether DO was
added to sDM at the beginning of the experiment or as pre-
formed sDO/sDM. Additionally, pH does not affect the sta-
bility of preformed DO/DM complex, because complex
integrity was unchanged following 4 d at pH 5 and 7 (Fig. S1F).
Taken together, our data indicate that sDO (with or without
the aP11A mutation and with or without Fc and leucine zipper)
inhibits DM function in a pH-independent manner.

Side-by-Side Orientation of DO/DM Complex Revealed by FRET. It has
been proposed that DOaE41 and a region C terminal to DOa80
are key to DO/DM interaction (23); however, the overall struc-
ture of DO/DM complex is not well defined. We used in vitro
intermolecular FRET to elucidate the binding orientation of
DM and DO. FRET relies on the transfer of energy from a do-
nor molecule (dye or fluorophore) to an acceptor molecule (dye
or fluorophore); the absorption spectrum of the acceptor must
overlap the fluorescence emission spectrum of the donor. The
energy transfer reduces the fluorescence intensity and excited
state lifetime of the donor molecule and increases the emission
intensity of the acceptor molecule. The efficiency of the process
depends on the inverse sixth-distance between donor and ac-
ceptor. By measuring FRET between donor fluorophores in-
troduced at different sites on DO and an acceptor fluorophore
on DM, we were able to obtain information on the relative ori-
entation of DO and DM in the complex.

To choose sites to introduce cysteines for dye labeling, we first
modeled the DO structure, using the sDR1 structure (25) as
a template in the alignment mode of SWISS-MODEL (Fig. 24).
We identified solvent-exposed residues to minimize the effects of
cysteine introduction and dye labeling on the tertiary structure of
szDOv. We generated four szDOv mutants, each with a free
cysteine (aA62C, aR80C, aE131C, and $S63C), and labeled
them with maleimide-Cy3 as fluorescence donors (Fig. 24, Left).
The mutations are distributed over szDOv, allowing assessment
of multiple regions of the molecule. Recombinant sDM has
a single free cysteine at DMp46, the mutation of which does not
reduce DM function in peptide loading (26). This residue is
likely to be close to both DR- and DO-binding surfaces, because
an aberrant N-glycan at DMBN108, near sDMBC46 (Fig. 24,
Right), interferes with DM/DR and DO/DM interactions (26).
Therefore, we labeled DMBC46 with maleimide-Cy5, a fluores-
cence acceptor. The calculated dye/protein ratios for sDM and
szDOv mutants (based on the UV visible spectrum) were in the
range of 0.90-0.95 dye/protein. To determine whether dye la-
beling disrupted DO function, we measured DM inhibition by
Cy3-labeled szDOv mutants in peptide-loading assays. The la-
beled DO mutants exhibit concentration-dependent inhibition of
DM comparable with that observed with szDOv (Fig. S24). We
also examined the apparent dissociation constants of unlabeled
szDOv and Cy3-labeled («E131C) szDOv with sDM using the
Octet biosensor system (details in ST Materials and Methods). The
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Fig. 2. In vitro FRET with szDOv and sDM. (A) Locations of introduced free Cys on DO (blue circles) and natural free Cys on DM (red circle). The DO structure
was simulated, based on HLA-DR1 (Protein Data Bank ID code 1AQD): DO« (cyan); DOp (purple). The DM structure was visualized using WebLab Viewer Lite
V3.7: DMa (cyan); DMB (purple). Glycan addition site (DMBN108) in mutant DMBR110S is shown. (B) Octet analysis of unlabeled szDOv and szDOvaE131C-Cy3
binding to immobilized sDM-biotin. Concentrations of szDOv and szDOvaE131C-Cy: 0.24 (blue), 0.98 (brown), 3.9 (pink), 15.6 (cyan), 62.5 (sky blue), 250 (red),
and 1,000 nM (black). Plots of maximum wavelength (nm) shift under equilibrium binding conditions against increasing concentrations of DO were used to
determine Kp. (C) FRET spectra of Cy3-labeled szDOv mutants and Cy5-labeled sDM. Cy3-labeled szDOvaA62C, szDOvPS63C, aR80C, and aE131C were in-
cubated with up to 2x excess (szDOvaA62C) or up to 10x excess (others) Cy5-labeled sDM (red), as described in S/ Materials and Methods. Spectra were
obtained with buffer alone (without szDOv-Cy3), titrated with the same concentrations of sDM-Cy5, and subtracted from the corresponding FRET spectrum.
(D) Distances between the Cy3 donor attached at different positions on szDOv (szDOvaA62C-Cy3 excluded) and the Cy5 acceptor attached at sSDMBC46 were
calculated: R = Ry (FRET™' = 1)"6, where R represents 53 A (for Cy3/Cy5). Data from one of two experiments with similar results are shown.

binding between Cy3-labeled DO and sDM (Kp < 5.00 nM) was
of comparable strength to that between unlabeled szDOv and
sDM (Kp~3.72 nM) (Fig. 2B). A total of 99% of donor dye-la-
beled DO molecules (100-300 nM) would theoretically be en-
gaged in DO/DM complexes under conditions of 5x excess of
acceptor dye-labeled DM molecules (500-1,500 nM). Taken
together, these results showed that the Cy3-labeled DO mutants
were suitable for in vitro FRET experiments.

Fluorescence emission spectra were acquired at 25 °C, with
excitation at 500 nm and a 550-nm emission long-pass filter.
Donor only samples (Cy3-szDOv) and an acceptor only sample
(Cy5-sDM) present distinct emission maxima at 570 and 670 nm,
respectively. We used a donor quenching approach, with transfer
of energy from donor to acceptor reducing intensity in the donor
fluorescence signal monitored at the emission maximum. Thus,
donor emission decreases with increasing FRET, with the FRET
efficiency differing, depending on the distance between donor
(Cy3) and acceptor (Cy5).

Shown in Fig. 2C are the fluorescence emission spectra of DO/
DM complexes with DO labeled at aR80C, aE131C, and pS63C.
FRET efficiency appeared greatest when the donor was located
at aE131C (at 10x Cy5-sDM: ~0.44) and least when the donor
was located at aR80C (at 10x Cy5-sDM: ~0.17). In the fluo-
rescence emission spectra of aA62C, unlike the others, donor
fluorescence intensities are not proportionally decreased with
increased acceptor fluorescence intensity. With the aA62C do-
nor, acceptor fluorescence intensity at 2x Cy5-sDM (Fig. 2C,
green) looks comparable with that of the aE131C donor at 10x
Cy5-sDM (Fig. 2C, gray). However, donor intensity of aA62C is
reduced by <50% of the reduction in intensity of «aE131C, sug-
gesting that aA62C gives anomalous FRET (see Discussion),
and, therefore, aA62C results are excluded from distance anal-
ysis. Nonspecific FRET (either MHC class I-Cy5/sDM-Cy3 or
MHC class I-Cy5/szDOv-Cy3) occurred at <10% of DO/DM
FRET under the same conditions (Fig. S2B), arguing that DO/
DM FRET results derive from the specific interaction between
DO and DM.

In Fig. 2D, FRET efficiencies of the three informative
donors are plotted as a function of fold excess of acceptor
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(Cy5-sDM). FRET efficiencies increased with increasing ac-
ceptor concentrations and started to saturate at 5X excess
concentration of acceptor, as expected from dissociation con-
stants. FRET efficiencies were measured in the presence of up
to 10x excess acceptor, and distances (R) are derived from:
R = Ry (FRET™' — 1) where Ry, = 53 A (for Cy3/Cy5).
Collectively, the FRET results suggest that the lateral surface
containing szDOvaE131C is in close proximity to sDM in the
DO/DM complex.

Aberrant Glycan at DOx128 Interrupts DO/DM Interaction. To test
the region around aE131C for interaction with DM, we in-
troduced an aberrant N-glycan at szDOva128 (Fig. 34, mutant
T128N). Glycan addition was confirmed by reduced a-chain
mobility on SDS/PAGE (Fig. S1/ and Fig. 3B). The intact overall
structural integrity of the szDOvaT128N mutant was indicated
by its recognition by a conformation-sensitive anti-DO mAb,
Mags.DO5 (24), in immunoprecipitation assays (Fig. 3B). In-
hibition of sDM by the szDOvaT128N mutant is significantly
reduced in peptide-loading assays (Fig. 3C). Consistent with this
result, the apparent Kp between sDM and szDOvaT128N is
>20x higher than that of szDOv, based on equilibrium binding
analysis (Fig. 3D). Thus, both FRET data and mutational anal-
yses argue that the surface of szDOv containing residues aT128
and aE131 is oriented toward DM in the szDOv/sDM complex.

We also examined the effect of removing the N-glycan at
DOoaN79, using mutant szDOvaS81A (Fig. S17). Immunopre-
cipitation of szDOvaS81A protein by Mags.DOS5 (Fig. 3B)
indicated its overall structural integrity. However, size-exclu-
sion chromatography showed the protein was highly aggre-
gated (Fig. S1J), suggesting an essential role of the glycan in
preventing aggregation.

Electrostatic Interaction in the DO/DM Complex. In the DO struc-
tural model, the lateral surface we identified as the putative DM-
binding region on DO includes an exposed loop with several
charged residues in the al domain. DOaE41, located on this
loop, was previously reported as important for DM binding, ER
egress, and DO activity (23). In addition, the side chains of two
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Fig. 3. Aberrant N-glycan at DOa128 interferes with szDOv/sDM in-
teraction; charged residues are involved in szDOv/sDM interaction. (A)
Model wt DO structure with DO« (cyan) and DOp (purple) with sites
chosen for mutation: szDOvaT128, positively charged szDOvaK38,39 (red),
and negatively charged szDOvoaE41 (green). (B) Structural integrity of
szDOvaT128N and szDOvaS81A mutants. szDOv, szDOvaT128N, and
szDOvaS81A were immunoprecipitated with indicated mAb and detected
with anti-DOa rabbit polyclonal antisera. S2: untransfected S2 cells were
used as a negative control. (C) Inhibition of DM-mediated peptide loading
by szDOvaT128N. Peptide-loading data (from one of three experiments with
similar results), collected as in Fig. 1A. Statistics were obtained by two-way
ANOVA, compared with szDOv (Graphpad Prism5). ***P < 0.001. (D) Octet
analysis of szDOvaT128N binding to immobilized sDM-biotin. (Upper) Bind-
ing of szDOvaT128N [at 5 nM (blue), 50 nM (brown), 100 nM (pink), 150 nM
(cyan), 300 nM (sky blue), 1,000 nM (red), and 2,500 nM (black)]. (Lower)
Plot of maximum wavelength (nm) shift under equilibrium binding con-
ditions against increasing concentrations of szDOvaT128N. (E) Structural
integrity of szDOvaE41K and szDOvaK38,39A/D mutants. szDOvaE41K and
szDOvaK38,39A/D immunoprecipitated with indicated mAb and detected
with anti-DOa rabbit antisera. S2: untransfected S2 cells were used as
a negative control. (F) Inhibition of DM-mediated peptide loading by szDOv
mutants. szDOvaE41K, K38,39A, and K38,39D were incubated with sDM,
sDR, and peptide, as in Fig. 1A. Data are from one of two experiments with
similar results. Statistics were obtained by two-way ANOVA, compared with
szDOv. *P < 0.05.

lysines (DOa K38,K39) near the DOaE41 residue are predicted
(in the DO model) to be solvent accessible and in the plane of
the putative DM-binding face of DO (Fig. 34). To evaluate the
effect of these charged residues on szDOv/sDM interaction, we
made a szDOvaE41K mutant, as well as two double mutants:
szDOvaK38,39A and szDOvaK38,39D. These mutant molecules
were conformationally intact, based on recognition by Mags.
DOS5 antibody (Fig. 3E). In comparison with szDOv, two of three
mutants were less capable of inhibiting SDM in peptide-loading
assays (Fig. 3F). szDOvaK38,39D is more defective than
szDOvaK38,39A, with comparable function with szDOvaE41K
in this assay. These findings argue that a lysine from aK38,K39
and the glutamic acid aE41 are among the residues involved in
electrostatic interactions between szDOv and sDM and further
implicate this region in szDOv binding to sDM.

Effect of Mutations in the DMp2 Domain on Interaction with DO.
Previously, we showed that full-length DMBR110S, which has
an aberrant N-glycan at DMBN108, substantially reduces both
DM/DR and DO/DM complex formation in human B cells (26).
We, therefore, tested formation of szDOv/sDM complexes with
soluble DM carrying this mutation (sSDMBR110S). The ability of
szDO to inhibit peptide exchange by sDMBR110S could not be
measured, as functional interaction with class II is severely
compromised by this DM mutation (Fig. S2C). We measured
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direct binding between sDMPR110S and szDOv, using the
Octet. The binding of wild-type sDM (sDMwt) to immobilized
szDOv exhibits fast association and slow dissociation, whereas
sDMPBR110S associates more slowly and dissociates quickly
(Fig. 44), showing that the added glycan interferes directly or
indirectly with szDOv/sDM interaction. Equilibrium binding
analysis showed a reduction in the apparent Kp of interaction
between sDMPR110S and szDOv compared with sDMwt
(Fig. 4B).

We interrogated other residues in the DMB2 domain by
making additional mutations. We found that the DO inhibition
capacity of sDMPBH141A,S142A is significantly reduced (Fig.
4C), and the apparent Kp, of binding to DO is modestly reduced
(Fig. 4B). We also tested mutant SDMBE177N,1179T, which has
an aberrant N-glycan at DMB177 (Fig. S2D). This mutation did
not affect the capacity of the mutant protein to be inhibited by
DO (Fig. 4C) or to bind to DO (Fig. 4B), implying it is located
outside the DO-binding site on DM. Our data suggest that the
szDOv-binding surface on sDM includes the area around
DMPN108 (the N-glycan location in sSDMBR110S) and is influ-
enced by the double mutation DMPH141,S142 but does not
extend to SDMBE177,1179. We tested several other DM mutants
located on the putative DO-binding surface and, consistent with
Fig. 4 data, those show reduced interaction with DO, whereas
mutants located farther from the putative DM/DO interaction
surface interact well with DO (Table S1). Based on all our data,
we propose an orientation of szDOv/sDM complex with the
overall topology shown in Fig. 4D.

Discussion

DO, a nonclassic MHC class II molecule, is involved in the an-
tigen presentation pathway as a modulator of DM (12, 13). Al-
though data show that DO can inhibit peptide exchange
catalyzed by DM, the physiological role of DO remains un-
known. More detailed structural and biochemical information is
likely to lead to better understanding of DO function. However,
study of DO has been hindered by the instability of soluble forms
of this protein. Here, we introduced a mutation at DOaP11
(P—A) that closely resembles a variant (P—V) first described by
Thibodeau and coworkers (23). Removal of the proline at the
DOal1 position facilitates production of more stable, recombi-
nant, soluble DO molecules that inhibit DM in class II peptide-
loading assays.

Our FRET results constrain possible orientations of DO/DM
complex, and the one most consistent with the FRET data
positions the lateral surface containing DOaE131 toward DM.
This putative DM-binding surface on DO also is consistent with
our mutagenesis results (introduction of an aberrant N-glycan at
DOa128 and mutation of several charged residues in the al
domain). Corroborating our findings, Thibodeau and coworkers
reported that chimeric DO/DR molecules implicate DOa in in-
teraction with DM, and they also identified DOo41 as a critical
residue (23). Our data from functional assays and in vitro binding
measurements of DMp mutants suggest that a lateral face of DM
(between DMpB108 and DMp141,142) contributes to or influen-
ces the binding surface for DO.

Our overall DO/DM orientation model provides possible
explanations for the anomalous FRET at aA62C. According to
our model, ®A62C-Cy3 is located near the interface between
DO/DM. This could lead to anomalous Cy3 fluorescence en-
hancement or could restrict motion of the Cy3 molecule.
Anomalous Cy3 fluorescence occurs when the environment
surrounding the protein bound Cy3 dye becomes hydrophobic,
because the fluorescence quantum yield (@) of Cy3 is dramati-
cally increased with increasing viscosity (27, 28). Thus, the
diminished reduction in donor fluorescence intensity of aA62C-
Cy3 compared with aE131C-Cy3, despite the comparable ac-
ceptor intensities of the two Cy3 probes at 2x and 10x sDM-Cys5,
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Fig. 4. Topology of DO/DM complex. (A) Fast dissociation of sDMBR110S
from szDOv. Octet binding curves of sDMwt or sSDMBR110S (both black) to
immobilized szDOv-biotin. Control curves (no immobilization, no sDM) were
subtracted. szDOv-biotin immobilization and no sDM is shown in red. (B)
Octet analysis of sDMwt, sDMpBR110S, sDMBH141A,5142A, and sDMBE177N,
1179T binding to immobilized szDOv-biotin. (Upper) sDMwt, sDMBH141A,
S142A, and sDMBE177N,1179T [at 0.24 nM (blue), 0.98 nM (brown), 3.9 nM
(pink), 15.6 nM (cyan), 62.5 nM (sky blue), 250 nM (red), and 1,000 nM (black)]
were used to determine Kp, and concentrations up to 8,000 nM sDMBR110S
were used to reach saturation binding [15.6 nM (brown), 62.5 nM (pink),
250 nM (cyan), 1,000 nM (sky blue), 4,000 nM (red), and 8000 nM (black)].
(Lower) Plots of maximum wavelength (nm) shift under equilibrium binding
conditions against increasing concentrations of sDM proteins. (C) Effects of
DM mutations on szDOv inhibition of DM. szDOv was incubated with
sDMwt, sDMBH141A,5142A, and sDMBE177N,1179T for peptide-loading as-
say, as in Fig. 1A. Background loading in the absence of sDM is in left-most
bar with each set. Other bars represent data expressed as normalized fold
change, with enhancement of peptide loading in the presence of each
preparation of sDM alone normalized to 1. Data, from one of three
experiments with similar results, are shown. Statistics were obtained by two-
way ANOVA, compared with sDMwt. **P < 0.01; ***P < 0.001. (D) Orien-
tation of the szDOv/sDM complex. Top view (Left) and side view (Right) of
the molecules: DMa and DOw (cyan); DMB and DOB (purple). Mutant residues
from all experiments are indicated, with the exception of DOaS81A, which
was too aggregated for study. Color code is as follows: red for residues la-
beled by dye addition for FRET (DO «A62, «R80, aE131, and pS63; *FRET
analysis places DOaA62 closest to DM); and brown for residues altered for
mutational analysis. Note: aT128N leads to glycan at «N128. pR110S leads to
glycan at BN108. BE177N, 1179T leads to glycan at pN177. Large font indicates
residues providing data for proposed topology of the DO/DM complex; small
font indicates residues that did not influence DO/DM interaction.
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respectively, could reflect an increase in fluorescence quantum
yield of aA62C-Cy3 in the presence of sDM. Alternatively, re-
stricted molecular motion of the Cy3 at aA62C in the presence
of sDM could induce the failure of the ideal dipole approxima-
tion, which is implicit in the Forster Eq. (29). In either case, DM
itself or a conformational change in DO induced by DM influ-
ences the environment of DOaA62. Using Mags.DO5 antibody,
Thibodeau and coworkers have shown that full-length DM
influences the conformation of full-length DO in cells (24). The
Mags.DOS epitope is located on the DOP chain, whereas our data
suggest DM-mediated effects on DOa. The DM-mediated con-
formational changes in DO, including the effect on the environ-
ment of aA62 in szDOw, likely contribute to the DM chaperoning
known to be required for efficient ER egress of wt DO (23).

Data from Karlsson and coworkers showed pH-dependence in
DO inhibition of DM: DO efficiently blocked the peptide-editing
function of DM at mild acidic pH (5.5-6.5) but not at lower pH
(4.5-5.0) (14). This in vitro observation, along with several
results from the H2-DO-deficient mouse (14), supported a hy-
pothesis in which DO limits the pH range of DM function and,
thereby, favors presentation of B-cell receptor (BCR)-bound
antigen compared with antigen taken up by fluid-phase endocy-
tosis. In contrast to previous results using recombinant DO, we
find that several forms of recombinant, soluble DO molecules
(szDOyv, sDO-Fc, and sDO) inhibit peptide exchange by DM
throughout the range of pH 4.5 to ~6.0. As a consequence, DO
would be expected to inhibit DM function deep into the endo-
cytic pathway. Consistent with our findings, Denzin et al. also
reported pH-independent DO inhibition with full-length DO/
DM (30). A second group also observed DO inhibition of DM at
pH 4.5-6.0, using DO/DM complexes from MelJuso cells (21).
However, they used the term “pH-dependent” to emphasize
relatively strong inhibition at pH 6 after 24 h of incubation. It is
possible that the DO/DM complexes in their experiment became
unstable at pH 4.5 to ~5.0 after 24 h of incubation and that
partial dissociation of DO improved DM activity under these
conditions. This possibility would be consistent with our own
observation that, upon prolonged storage of sDO/sDM com-
plexes, we observed recovery of some DM activity, presumably
from free DM (Fig. S1H).

MHC class II molecules and DO share conserved N-glycan
motifs that differ from DM (Fig. S3). The N-glycans on class II
are thought to play a role in proper folding of nascent molecules
(31), in protease resistance (32), in facilitating optimal receptor
geometry for APC/T-cell communication (33), and, most re-
cently, in presentation of particular carbohydrate antigens (34).
We found that the al domain N-glycan at szDOvaN79, near
a-chain/B-chain interface and homologous to aN78 in conven-
tional MHC class II, influences the aggregation state of the
molecule (Fig. S1J). The homologous region of DM, which
naturally lacks this N-glycan, has been implicated in interaction
with MHC class II by mutagenesis (26). Compared with con-
ventional class II and DO, DM has a unique N-glycan at
DMBN92, located on the opposite side of the protein, near its o/f
interface (35). This DM surface also might be prone to protein/
protein interaction were it not inhibited by the presence of the
glycan. Indeed, our data suggest that the homologous surfaces on
MHC class II (36) and szDOv, which lack this N-glycan, are used
for DM binding.

In our predicted overall orientation of szDOv/sDM complex,
the binding surface for szDOv on sDM at least partially shares
the DR-binding surface on DM strongly suggested by prior work
(26, 37). Using mutant molecules for analysis, including FRET
analysis after dye addition, introduces uncertainty into both the
DM/DR and the DM/DO docking models. We cannot rule out
subtle differences in the topology of these complexes; altering
the region around DMp141,142 confers some resistance to DO
inhibition but has not been implicated in DR interaction.
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Similarly, the carbohydrate adduct in mutant R110S may be
mobile enough to influence contiguous, but nonidentical, sites.
Nonetheless, given the strong sequence homology between DO
and DR (38, 39), the most parsimonious interpretation would be
that a similar, if not identical, site on DM is used to bind DO and
DR and that szDOv might directly interfere with the DR/DM
interaction to inhibit DM function.

In EBV-transformed human B-cell lines expressing mutant
DM R110S (aberrant N-glycan at $108), levels of coimmuno-
precipitated DO/DM complexes are reduced (26). Consistent
with this observation, SDMPR110S has reduced apparent affinity
for szDOv, arguing for similarity between the szDOv/sDM in-
teraction and the interaction of full-length DO and DM mole-
cules in cells. In contrast, two groups have reported a triple
complex (DR/DM/DO) coimmunoprecipitated from cell lines,
implying different DM-binding surfaces for DR and DO (20, 23).
The discrepancy between these data and the possibility that DO
and DR share a binding site may indicate that higher-order
complexes combining DR/DM and DO/DM are formed in cells,
perhaps with contributions from other proteins. Alternatively,
there may be differences between recombinant soluble proteins
and full-length proteins containing transmembrane and cyto-
plasmic domains. These domains may mediate intermolecular
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interaction between DM and DO, as shown for other membrane
proteins (40). If so, these interactions influence the orientations
of the intraluminal domains of full-length molecules, which may
differ to some degree from the model we present here and allow
triple complexes. The availability of recombinant forms of DO
that can be produced efficiently should accelerate the progress in
structural and kinetic studies of DO and DO/DM complexes to
test our model further.

Materials and Methods

Recombinant soluble DM expression and purification was performed as
described (41). Cloning, expression, and purification of recombinant soluble
DO is described in SI Materials and Methods.

All other experimental methods are also described in S/ Materials
and Methods.
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