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The human MHC class I protein HLA-B*27:05 is statistically associated with ankylosing
spondylitis, unlike HLA-B*27:09, which differs in a single amino acid in the F pocket of
the peptide-binding groove. To understand how this unique amino acid difference leads
to a different behavior of the proteins in the cell, we have investigated the conformational
stability of both proteins using a combination of in silico and experimental approaches.
Here, we show that the binding site of B*27:05 is conformationally disordered in the
absence of peptide due to a charge repulsion at the bottom of the F pocket. In agreement
with this, B*27:05 requires the chaperone protein tapasin to a greater extent than the
conformationally stable B*27:09 in order to remain structured and to bind peptide. Taken
together, our data demonstrate a method to predict tapasin dependence and physiological
behavior from the sequence and crystal structure of a particular class I allotype.
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Introduction

MHC class I molecules are heterotrimeric proteins that transport
antigenic peptides to the cell surface and present them to cyto-
toxic T cells. They consist of the transmembrane heavy chain
(HC), the noncovalently associated light chain beta-2 microglobu-
lin (β2m), and an antigenic peptide of eight to ten amino acids. The
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extracellular part of the heavy chain comprises the α1, α2, and α3

domains. The α1 and α2 domains form the peptide-binding groove,
a superdomain that consists of an antiparallel beta sheet sur-
mounted by two alpha helices, between which the peptide binds
[1, 2].

In the cell, peptide binding to class I is a multistep process
within the ER. It involves the peptide-loading complex, which con-
sists of the peptide transporter associated with antigen processing
(TAP) that transports peptides from the cytosol into the ER lumen
[3] and several chaperone proteins such as tapasin, which binds
both to the class I molecule and TAP [4, 5].
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The sequence of peptides that can bind to class I is deter-
mined by interactions with the amino acid side chains of the
peptide-binding groove. The high sequence polymorphism of the
peptide-binding groove in human class I molecules (human leuko-
cyte antigens, HLA-A, -B, and -C) means that different allotypes
bind different peptides; thus, individual HLA allotypes—such as
HLA-B27–support-specific immune responses and are statistically
associated with disease [6, 7]. Among the subtypes of HLA-B27
[8, 9], HLA-B*27:05 (B*27:05) shows a very strong statisti-
cal association with spondyloarthropathies such as ankylosing
spondylitis (AS), in contrast to HLA-B*27:09 (B*27:09), which
does not [10–12]. The two subtypes differ only in a single residue
at position 116 (histidine in B*27:09 and aspartate in B*27:05)
at the bottom of the F pocket, which binds the side chain of
the C-terminal amino acid of the peptide [13]. How this single
amino acid difference causes the striking difference in disease
association is not understood, despite intense investigation; one
prominent hypothesis states that an inherent folding inefficiency
of B*27:05 triggers a cellular response that leads to inflammation
[9, 14]. So far, studies have mostly focused on identifying con-
formational and dynamic features that distinguish B*27:09 and
B*27:05 [12, 15, 16].

The F pocket region, i.e. the end of the binding groove that
includes the F pocket, is the proposed binding region of tapasin,
according to experimental, and theoretical investigations [17–20];
but as yet, no crystal structure of a complex between class I and
tapasin exists. In cells, tapasin reduces the conformational dis-
order of empty or suboptimally loaded class I molecules, and it
mediates iterative peptide exchange by accelerating dissociation
[1, 21–23]. Many class I allotypes require tapasin for any bind-
ing of high-affinity peptides and subsequent surface transport and
are thus termed tapasin-dependent; others do not, or to a lesser
degree. With regard to the tapasin dependence of the B27 sub-
types, conflicting reports exist [22, 24–28], and generally, it is not
well understood what makes a particular class I allotype tapasin-
dependent or –independent [21].

In this work, we have compared the conformational stabilities
of the B*27:05 and B*27:09 subtypes through a combination of
in silico, biochemical, and cellular approaches. We find that the
disease-associated B*27:05 is much more conformationally disor-
dered than B*27:09 in the empty and suboptimally loaded states,
and that it requires tapasin, at least to a large extent, for its sur-
face expression. Our results establish a general molecular reason
for the tapasin dependence of MHC class I molecules and demon-
strate tools for its in silico prediction.

Results

The conformational flexibility of the binding groove in
silico differs between HLA-B27 subtypes

To understand the differences in structure and dynamics between
B*27:05 and B*27:09 due to the amino acid 116 variation, we

Figure 1. Root mean square deviation (RMSD) of the binding grooves
(residues 1-180) of B*27:05, and B*27:09, both empty or in complex with
IF9 peptide. Two independent sets of simulations (A/B and C/D) are
shown as (A and C) RMSD time courses (moving average) and as (B and
D) RMSD probability distributions.

analyzed whether the binding grooves of the subtypes exhibit
different conformational flexibilities. We used published crystal
structures [13] of the lumenal domains of B*27:05 and B*27:09
bound to the high-affinity peptide IRAAPPPLF (single-letter amino
acid sequence; abbreviated as IF9; complexes abbreviated as
B*27:05/IF9 and B*27:09/IF9) to build computational models
of the empty peptide-binding grooves (empty B*27:05 and empty
B*27:09). We then performed two independent molecular dynam-
ics (MD) simulations for the entire heavy chain (α1, α2, and α3

domains) and β2m of each of these four structures, and we mea-
sured the root mean square deviation (RMSD, a measure of the
overall conformational change away from the crystal structure)
for the binding groove only (the α1/α2 superdomain, i.e. residues
1–180). The probability distribution of the RMSD values showed
narrow peaks for B*27:05/IF9 and B*27:09/IF9 in both simula-
tions (Fig. 1; solid black and gray). In contrast, the binding groove
of empty B*27:05 showed much higher RMSD averages (Fig. 1,
dashed black). Thus, the lack of full-length peptide altered the
shape of the binding groove of B*27:05, most likely conforma-
tionally destabilizing it, as reported before [21, 29–31]. In sur-
prising contrast, the binding groove of empty B*27:09 showed
narrow peaks very close to those of the peptide-bound structures
(Fig. 1, dashed gray), suggesting that the removal of the peptide
did not significantly change the structure nor increase the flexi-
bility of its binding groove. Thus, the histidine residue 116 at the
bottom of the F pocket of B*27:09 supports a stable conformation
of its binding groove, whereas the aspartate in the same position
of B*27:05 contributes to destabilizing the conformation of the
peptide-free protein.
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Figure 2. Conformational flexibility of individual residues (root mean square fluctuation, RMSF) of the binding grooves of B*27:05, and B*27:09,
both empty or in complex with IF9 peptide. Two independent sets of simulations are shown (A and B). The RMSF value is calculated for each
residue and depicted as a level of gray on a cartoon representation of the crystal structure of HLA-B*27.

The conformational fluctuation of B*27:05 is mostly in
the F pocket region

To understand whether the conformational flexibility of the empty
B*27:05 identified in Fig. 1 is focused on a particular region
of the binding groove, we investigated the flexibility of indi-
vidual residues by depicting the root mean square fluctuation
of each residue on a gray scale, with darker gray meaning
higher fluctuation (Fig. 2). The binding groove of empty B*27:05
showed very high flexibility in the F pocket region and along the
α1 helix, whereas for empty B*27:09, the fluctuation was low
and not much different from peptide-bound B*27:05/IF9 and
B*27:09/IF9. Thus, Asp116 at the bottom of the F pocket cre-
ates localized conformational disorder at that region of the empty
B*27:05 molecule, which can be overcome by the binding of pep-
tide, whereas B*27:09 is conformationally stable in both the empty
and the peptide-bound forms.

The binding groove width of empty B*27:05 varies

We next wondered whether empty B*27:05 shows the variation
of the binding groove width in silico that is a hallmark of confor-
mationally disordered and tapasin-dependent class I molecules
such as B*44:02 [21, 31]. To quantify width variation on a
local scale, we divided the binding groove into three regions:
region I, which contains the A pocket (Fig. 3A; residues 50–59 in
the α1 helix and 165–176 in the α2 helix); region II, in the center of
the binding groove (residues 60–72 and 152–164); and region III
(above termed the F pocket region; residues 73–84 and 139–150).
For each region, we then measured how the distance of the
centers of mass varied during the simulation. In both subtypes, the
peptide-bound binding groove showed the lowest width variation,
similarly to published data [5, 32]. Empty B*27:09 showed an
intermediate width variation between that of the empty B*27:05
and peptide-bound complexes, especially in regions II and III, as

Figure 3. Width variation of HLA-B*27
binding groove. (A) Top view of class I.
The binding groove was divided into three
regions (see the text). (B) Width variation
of each region of the binding groove was
calculated from frames of two indepen-
dent MD simulations of B*27:05 and B*27:09
with or without IF9 peptide. Error bars
represent standard deviation. Significance
**** p < 0.0001; unpaired two-tailed t-test.
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Figure 4. Solvent-accessible surface area of HLA B*27 during the simu-
lations (A) molecular surface of the F pocket region depicted in dark
gray on the B*27-binding groove. (B) Accessible surface area (ASA)
of the F pocket region (residues Asp74, Asp77, Thr80, Leu81, Tyr84,
Leu95, Asn97, His114, His/Asp116, Tyr123, Thr143, Lys146, Trp147)
of B*27:05 and B*27:09 with or without IF9 peptide calculated from
two independent simulations. Error bars represent standard deviation.
**** p < 0.0001; unpaired two-tailed t-test.

reported for several empty murine and human allotypes [21, 29].
In contrast, for empty B*27:05, width variation of regions II and
III was much higher than for B*27:05/IF9 and for empty B*27:09
(Fig. 3B). Thus, just like empty B*44:02 [21], empty B*27:05
appears to be conformationally disordered, even on the short-
time scale of MD simulations and especially around the F pocket
region.

B*27:05 has a higher solvent-accessible surface area
during the simulation

We next hypothesized that if empty B*27:05 was indeed more con-
formationally disordered than empty B*27:09, it should expose a
larger proportion of its F pocket to the solvent. To test this, we
measured the solvent-accessible surface area (SASA) during the
MD simulation using a probe radius of 1.4 Å, equivalent to that
of a water molecule. In agreement with our hypothesis, the SASA
of empty B*27:05, with 520 Å2, was twice as high as that of
empty B*27:09 (Fig. 4). Taken together with the data above, the
increased SASA suggests that over the course of the simulations,
the conformational flexibility of B*27:05 results in more conforma-
tional disorder and partially unfolded states of its binding groove.
This suggests that B*27:05 might need tapasin to stabilize a con-
formation that can bind peptide.

B*27:05 is more tapasin-dependent than B*27:09 for
surface transport

For the HLA-B44 subtypes HLA-B*44:02 and B*44:05, which
also differ only in amino acid 116, the conformational flexibil-
ity of the empty peptide binding groove in silico correlates with
tapasin dependence: empty B*44:02 is conformationally disor-
dered and tapasin-dependent, whereas empty B*44:05 is confor-
mationally stable and tapasin-independent [21, 33]. We thought

Figure 5. Analysis of surface level of HLA-B allotypes. (A and B)
Tapasin-deficient LCL (A) 721.220 and (E) 721.221 cells were transiently
transfected with the indicated HLA-B heavy chains fused to GFP. Sur-
face molecules were detected by flow cytometry using MAb W6/32.
(C) Key to the quantification and original flow cytometry data. The area
of the scatter plots displaying GFP (x axis) versus W6/32 (y axis) fluores-
cence was divided in five vertical sectors containing no less than 100
events in each (note that the axes are on logarithmic scale in contrast
to the graphs in A and B).

that this might be paralleled in the B27 subtypes, and so we
next investigated their tapasin dependence. In the literature,
B*27:05 was shown to exist at the surface of tapasin-deficient cell
lines with peptides different from those of B*27:09 [25–27]. To
directly compare how surface transport of B*27:05 and B*27:09
depends on tapasin, we transiently expressed both proteins as
green fluorescent protein (GFP) fusions in tapasin-deficient human
LCL721.220 (.220) cells. In the diagram in Fig. 5A, we show the
surface levels of B*27:05 and B*27:09 in several brackets of gene
expression (determined by GFP levels; original data in Fig. 5C).
B*27:09 showed very high surface levels, just as B*44:05 [21, 22],
whereas B*27:05 was detected at lower levels at the surface in
both flow cytometry and microscopy (Fig. 5A and Supporting
Information Fig. 1A and B). Importantly, B*27:05 levels were
still higher than those of the tapasin-dependent allotype B*44:02,
which demonstrates that B*27:05 is partially tapasin-dependent.
In agreement with these findings, our microscopy analysis con-
firmed that in the same cells, the majority of B*27:05 resided in
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the ER (with or without fused GFP), whereas B*27:09 was located
at the cell surface almost exclusively (Supporting Information
Fig. 1A and B). As a control, we expressed the same constructs in
syngeneic tapasin-proficient LCL721.221 cells, where all showed
the same surface levels; this confirms that the B*27:05 construct
was fully functional Fig. 5B). Thus, in these two B27 subtypes,
just as in B44, the relative tapasin-dependence of B*27:05 corre-
lates with molecular disorder and flexibility of the empty peptide-
binding site. Our observation of the partial tapasin dependence of
B*27:05 agrees with the observations of others who found it on
the surface of tapasin-deficient cells.

In the absence of peptide and tapasin, B*27:05 is
partially unfolded

In live cells, the tapasin-dependent B44 subtype B*44:02 is
unstructured and partially unfolded in the absence of tapasin and
peptide [21]. To investigate whether B*27:05 has similar proper-
ties, we stably expressed B*27:05 and B*27:09 in murine CMT64.5
cells, which lack both tapasin and the TAP peptide transporter
[34]. We lysed the cells and precipitated with the β2m-dependent
HLA-specific antibody W6/32. Interestingly, a major portion of
B*27:09 was precipitated, but only a small fraction of B*27:05
(Fig. 6A). This suggests that without peptide and tapasin, B*27:05
cannot stably bind murine β2m and is thus structurally unsta-
ble. When human β2m was overexpressed in CMT64.5, a major
fraction of B*27:05 was recovered as β2m complex, demonstrat-
ing that the B*27:05 heavy chain was not irreversibly denatured.
Just like in .220, B*27:05 was barely present at the surface of
CMT64.5 cells, in contrast to B*27:09, suggesting that it was not
sufficiently conformed to pass the cellular quality control (Fig. 6B)
[35]. In agreement with this observation, most B*27:05 molecules
in CMT64.5 cells were EndoF1-sensitive (i.e. confined to pre-Golgi
compartments) at steady state, whereas most B*27:09 molecules
were EndoF1-resistant (i.e. located at the cell surface; Fig. 6C).
These results strongly support the notion that B*27:05 is intrin-
sically structurally disordered when no high-affinity peptide is
available.

Protonation state of residue 116 resolved from MD
simulations

To find the cause of the molecular disorder of B*27:05 com-
pared with B*27:09, we analyzed the crystal structures. Both
His116 and Asp116 at the bottom of the F pocket form a net-
work of hydrogen bonds and salt bridges with residues of the α1

and α2 helices, and with the C-terminal amino acid side chain
of the peptide [13, 36]. We hypothesized that in the absence
of peptide from the B*27:05 binding groove, the neighboring
acidic residues Asp116, Asp77, and Asp74 might repel each other
and establish a negative electrostatic potential at the bottom
of the F pocket. In empty B*27:09, in contrast, the imidazole
group of His116 might prevent this repulsion and thus stabi-
lize the conformation of the F pocket region. To clarify this

Figure 6. Analysis of the folding and stability of HLA-B allotypes
(A) total cell lysates of murine CMT64.5 cells stably expressing B*27:05 or
B*27:09 with or without additional human β2m (hβ2m) were separated
by SDS-PAGE and immunoblotted (IB) for calnexin and HLA. An equal
number of these cells was first subjected to immunoprecipitation (IP)
with W6/32, separated by SDS-PAGE and immunoblotted using the anti-
HLA serum. Representative gels out of three independent experiments
are shown. (B) CMT64.5 cells stably expressing B*27:05 or B*27:09 with
or without additional hβ2m were stained with MAb W6/32 for surface
HLA. (C) CMT64.5 cells stably expressing B*27:05 or B*27:09 and hβ2m
were lysed and HLA molecules immunoprecipitated with W6/32, then
digested or mock-digested with EndoF1, and separated by SDS-PAGE.
Immunoblotting was performed using anti-HLA serum. A representa-
tive gel out of two independent experiments is shown.

effect, we simulated B*27:09 with different protonation states of
His116.

Histidine residues in proteins have three different protona-
tion states at physiological pH, depending on whether Nε, Nδ, or
both nitrogens are protonated. They cannot be derived from the
crystal structure. To determine the protonation state of His116,
we thought to use the observation that the actual protonation
state shows the lowest RMSD value of the histidine side chain
and the surrounding residues in a MD simulation [37]. We thus
performed two independent MD simulations of empty B*27:09
and B*27:09/IF9 for each possible protonation state. In the
absence of peptide, we observed the lowest RMSD values when
Nε only was protonated (Supporting Information Tables 1 and 2).
In the presence of IF9, in contrast, the doubly protonated state
appeared to be preferred. The same protonation states of His116
were suggested by the PROPKA server [38]. The protonated Nε of
His116 in the empty B*27:09 can indeed form a hydrogen bond
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with Asp77 (Supporting Information Fig. 2). For empty B*27:05,
the RMSD values of the surroundings of Asp116 were higher than
those of any of the three protonated states of His116 in B*27:09,
again confirming its molecular disorder even on the short time
scale of an MD simulation.

Taken together, the data suggest a molecular mechanism for
the conformational disorder of B*27:05 and its difference to
B*27:09. In the latter, His116 bonds to the surrounding residues,
whereas in the former, Asp116 causes electrostatic repulsion and
disorder. The binding of peptide supersedes these differences, and
both subtypes have stably ordered conformations.

Discussion

Since B*27:05 and B*27:09 differ by only one amino acid and
yet are differentially associated with ankylosing spondylitis, the
molecular and cellular differences between the two subtypes have
been intensely investigated [31, 36, 39–42]. We have focused here
on comparing their conformational stabilities through a combined
theoretical and experimental investigation.

All our data support the hypothesis that due to the repul-
sion between Asp116 and the acidic residues Asn97, Asp77, and
Asp74, the F pocket region of B*27:05 shows a strong confor-
mational fluctuation, whereas in B*27:09, His116 contributes to
neutralizing the negative electrostatic potential of the environ-
ment and thus promotes conformational stability. Similar con-
nections between electrostatic potential and the conformational
flexibility of the binding groove have been proposed by others
[31, 43].

We present evidence that this conformational fluctuation of
B*27:05 in the empty state leads to its partial unfolding. The
MD simulations, on a timescale of nano- to microseconds, are
too short to observe protein unfolding (which occurs in millisec-
onds), but the biochemical data in Figs. 5 and 6, and Support-
ing Information Fig. 1 show that suboptimally loaded B*27:05
has difficulties to tightly bind β2m and pass the cellular con-
formational quality control. We recently have shown that the
conformational restriction of the F pocket region by a disulfide
bond (C84-C139) helps the binding of β2m to the heavy chain
through conformational and dynamic effects that stabilize the
folded conformation of class I and help it pass ER quality control
[44].

In agreement with our findings, the recent nuclear magnetic
resonance spectroscopy work of Kurimoto et al. suggests that in
the absence of peptide, on a long timescale, the α1 and α2 domains
of HLA-C may become entirely unfolded, with only the α3 domain
remaining structured [45]. The propensity of newly synthesized
B*27:05 to misfold and aggregate has long been suggested to
correlate with AS etiology [46–49].

With a partially unfolded binding site, a class I molecule would
find it difficult to bind peptide. We have therefore proposed earlier
that some empty or suboptimally loaded class I molecules require
tapasin to maintain a structured peptide binding site, and thus to

bind peptide [21, 44]. In keeping with this hypothesis, B*27:05
showed strong (but not absolute) tapasin dependence for surface
transport in our quantitative analysis (Fig. 5, Supporting Informa-
tion Fig. 1). Others have also shown that a substantial proportion
of B*27:05 remains inside the cells, most likely due to deficiencies
in folding [50, 51]. We still detected some B*27:05 on the surface
of the .220 cells, which explains earlier reports that B*27:05 is
not tapasin dependent [25–28]. The partial tapasin dependence
of B*27:05 that we report here resembles that of HLA-A*02:01,
which can bind to ER signal sequences and reach the cell surface
in the absence of TAP and tapasin [52, 53]. In contrast to A*02:01;
however, our observations (Fig. 6) and several other studies show
that surface expression of B*27:05 does depend on the availability
of peptides transported by TAP [54–57]. In the absence of tapasin,
TAP-mediated peptide transport is generally assumed to function,
but the stability and function of TAP is likely to be compromised
[58, 59]. Thus, class I molecules expressed in tapasin-deficient cell
lines are confronted with a different pool of peptides than in wild-
type cells. In tapasin-deficient cells, both A*02:01 and B*27:05
can assemble with β2m and some peptides, but the stability of the
resulting trimeric complexes is low [22, 25, 60–62].

Taken together with our earlier work on B44 subtypes, our
data suggest that tapasin not only exchanges peptides on class
I molecules (as widely appreciated in the literature), but that
its other and very important function is to help structure class
I molecules such that they can bind peptide in the first place (see
also [61, 63]). The higher the degree of molecular disorder in
the absence of peptide (or in the suboptimally loaded state) for
a specific class I allotype, the greater its dependence on tapasin
for folding of the peptide-binding groove, for peptide binding,
and thus for passing intracellular quality control and for surface
expression.

From the comparison with B*44:02, which exhibits greater
molecular disorder and greater tapasin dependence than B*27:05,
our results now demonstrate that the molecular disorder of
B*27:05 alone is not sufficient to explain its molecular pathol-
ogy and disease association. To cause disease, B*27:05 must have
additional other properties, such as homodimerization and/or
induction of the unfolded protein response [16, 51, 64], which
other conformationally disordered class I allotypes, such as
B*44:02, lack.

Our work on the B27 and B44 subtypes demonstrates that
tapasin dependence (the ability to form stable peptide-heavy
chain-β2m complexes without tapasin interaction) of an HLA
molecule correlates with molecular disorder in the empty state.
Thus, we propose that the degree of tapasin dependence of the
thousands of biochemically uncharacterized HLA allotypes may
in the future be predicted from observing molecular disorder by
using in silico molecular dynamics simulations. Other properties
that differ between HLA molecules, such as rate of surface tran-
sit [65] or inhibition of progression to viral disease [66], may
also be directly or indirectly correlated with their conformational
dynamics through mechanisms yet unknown, whose elucidation
will require substantial experimental effort.
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Materials and methods

Molecular dynamics simulations

The crystal structures of HLA-B*27:05 and HLA-B*27:09 in com-
plex with the high-affinity peptides IRAAPPPLF (PDB ID code
3BP4 and 3BP7 [13]) served as the starting structure for the MD
simulations. The empty structure was prepared by deleting the
corresponding peptide residues from the crystal structure. With
the Amber 12 simulation package [67], each complex was ini-
tially placed in an octahedral TiP3 [68] water box together with
ten Na+ and Cl− ions and neutralized with eight counter-ions.
Then, each complex was energy minimized, positionally restrained
(25 kcal mol−1 Å−2), and heated from 100 to 300 K. The restraints
were resolved in five steps, and then each complex was equili-
brated for 1 ns and simulated for 50 ns (12 500 frames). Short-
range nonbonded interactions were taken into account up to a
cut-off value of 9 Å. Long-range electrostatic interactions were
treated with the particle mesh Ewald method [69]. The RMSD
of residue His/Asp116 and its surroundings (Supporting Informa-
tion Fig. 2) was measured with the RMSD trajectory tool of visual
molecular dynamics [70]. The protein accessible surface area mea-
surements were performed using the Protein Structure and Inter-
action Analyzer [71]. Visualization of trajectories and preparation
of figures were performed using visual molecular dynamics and
Pymol [70, 72].

Cell lines

Murine CMT64.5 cells were a kind gift of Hartmut
Hengel (Düsseldorf, Germany). Anti-HLA antiserum H300 was
purchased from Santa-Cruz Biotechnology (Dallas, TX, USA).
Anti-calnexin serum was obtained from David B. Williams
(Toronto, Canada). Monoclonal antibody W6/32 was produced
in a hybridoma cell line received from Alan Townsend (Oxford,
UK). Secondary antibody Alexa488, anti-rabbit and anti-mouse
alkaline phosphatase conjugated secondary antibodies were pur-
chased from Dianova GmbH (Hamburg, Germany).

Plasmids

HLA-B*27:05, HLA-B*27:09, HLA-B*44:02, and HLA-B*44:05
heavy chains were expressed from the pEGFP-N1 (Clontech, CA)
backbone. Where mentioned, N-terminal HA-tagged versions of
the allotypes on the same pEGFP-N1 backbone were used. Inser-
tion of the HA tag was accomplished by a site directed muta-
genesis method developed by Stratagene (Agilent Technologies,
CA). LCL721.220 cells were grown in RPMI medium comple-
mented with 10% fetal calf serum, 0.5 U/mL penicillin, and
0.1 μg/mL streptomycin (GE Healthcare Life Sciences, Freiburg,
Germany). Cells were maintained at 37°C in 5% CO2 atmo-

sphere. Transfection by electroporation was modified from Majoul
et al. [73]. Briefly, cells were washed twice with PBS and trans-
ferred into the transfection medium (120 mM KCl, 10 mM
KH2PO4, 5 mM MgCl2, 0.15 mM CaCl2, 25 mM HEPES, pH 7.2,
2 mM EGTA, 2 mM ATP, and 5 mM oxidized glutathione). Five
million cells were transfected in 500 μL final volume with 50 μg
of maxiprep DNA (Qiagen, Hilden, Germany). Cells were electro-
porated by two pulses of 500 V for 2 ms and resuspended imme-
diately in growth medium. Experiments were performed 24-36 h
posttransfection.

Immunoprecipitations

Immunoprecipitations were performed by solubilization of the
target cells in native lysis buffer (50 mM Tris pH 7.5, 150 mM
NaCl, 5 mM EDTA, 1% Triton X-100) in the presence of 1 mM
phenylmethylsulfonylfluoride and 5 mM iodoacetamide protease
inhibitors for 1 h at 4°C. The lysates were subjected to preclearing
with insoluble protein A for 30 min at 4°C, then transferred to
antibody-bound protein A agarose beads and rotated for 1 h at
4°C. Subsequently, the beads were washed three times in wash
buffer (50 mMTris pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.1%
Triton X-100) and used directly for SDS-PAGE, or treated with
endoglycosidase F1 beforehand.

Total cell lysates were prepared from cells by denaturation in
SDS-PAGE sample buffer (350 mM Tris-Cl pH 6.8, 36% glycerol,
10% SDS, 0.6 M DTT, 0.012% bromphenol blue in ethanol) at
95°C for 10 min.

Endoglycosidase F1 digests

Immunoprecipitates were digested with endoglycosidase F1
(EndoF1) by denaturation in 0.05% SDS, 0.1% 2-mercaptoethanol
at 95°C for 10 min. The chilled samples were supplemented with
5 mM sodium citrate (pH 5.5) and 1% Triton X-100. For the digest,
1 μg of EndoF1 was added to each sample and incubated for 1 h
at 37°C.

SDS-PAGE and immunoblotting

Total cells, immunoprecipitates, and EndoF1 digest reactions were
taken up in SDS sample buffer and heated to 95°C for 10 min.
Samples were separated on a 10-12% resolving SDS gel. For
immunoblotting, the proteins were transferred to a polyvinylidene
fluoride (PVDF) membrane, which was blocked with 5% dried milk
in TBST (1.5 M NaCl, 0.1 M Tris-Cl, 0.05% Tween-20 at pH 7.4)
for 1 h at room temperature. Primary and secondary antibodies
were applied to the membranes for 1 hour at room temperature
in TBST. In between and afterwards, the membrane was washed
six times in TBST. Proteins were detected by enzyme-catalyzed
fluorescence using a phosphor imager FLA 3000.
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Flow cytometry

LCL 721.220 and LCL 721.221 cells expressing GFP fusions of B27
and B44 allotypes were incubated in 100 μL W6/32 hybridoma
supernatant for 1 h on ice and washed with ice-cold PBS for three
times. Cells were then incubated in allophycocyanin conjugated
anti-mouse secondary antibody for 30 min on ice and washed with
PBS for three times following the antibody incubation. Mean fluo-
rescence intensity of GFP and allophycocyanin in each sample was
recorded by a Partec CyFlowSpace flow cytometer (Münster, Ger-
many). CMT64.5 cells were trypsinized and washed in PBS. A total
of 2 × 106 cells were incubated in 100 μL W6/32 hybridoma super-
nant for 1 h on ice and washed three times in ice-cold PBS. Sub-
sequently, the cells were stained with 6 μg/mL goat anti-mouse
Alexa 488 in 50 μL PBS for 1 h on ice and washed again three times
in ice-cold PBS. Samples were analyzed with a Partec CyFlowSpace
flow cytometer (Münster, Germany) and processed with FlowJo
(TreeStar, Ashland, OR, USA). To generate the plots in Fig. 6A,
B as described previously [35, 44], we calculated the mean gene
expression level (GFP) and mean antibody staining intensity (allo-
phycocyanin) for each of the five sectors, which were generated
by drawing four lines parallel to the allophycocyanin axis dividing
the allophycocyanin versus GFP scatter plots in five consecutive
areas that corresponded to different GFP fluorescence intensity
ranges (Fig. 5C). We then plotted these mean values as the five
data points shown in Fig. 6A, B for each transfectant.

Microscopy

Transfected LCL 721.220 cells were allowed to adhere onto glass
cover slips at 37°C for 30 min and fixed with 3% paraformaldehyde
(AppliChem, Darmstadt, Germany) for 20 min at room tempera-
ture. Staining was performed by monoclonal anti-HA antibody
(clone 12CA5) and secondary antibody anti-mouse IgG coupled
to Cy5 (Dianova, Hamburg, Germany). Cells were permeabilized
with 0.05% Triton X-100 for 5 min at room temperature prior to
staining of ER with calnexin antiserum (kind gift from David B.
Williams, University of Toronto, Toronto, Canada) combined with
anti-rabbit IgG-Cy3 (Dianova, Hamburg, Germany). B27 allotypes
were visualized by anti-HA and secondary antibody anti-mouse
conjugated with Alexa488. Cover slips were mounted onto glass
slides, and confocal images were taken with a Zeiss LSM 510
microscope (Zeiss, Jena, Germany).
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