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Allelic association with ankylosing spondylitis fails to
correlate with human leukocyte antigen B27 homodimer
formation
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Expression of human leukocyte antigen (HLA)-B27 is strongly
associated with predisposition toward ankylosing spondylitis
(AS) and other spondyloarthropathies. However, the exact
involvement of HLA-B27 in disease initiation and progression
remains unclear. The homodimer theory, which proposes that
HLA-B27 heavy chains aberrantly form homodimers, is a cen-
tral hypothesis that attempts to explain the role of HLA-B27 in
disease pathogenesis. Here, we examined the ability of the eight
most prevalent HLA-B27 allotypes (HLA-B*27:02 to HLA-B*27:
09) to form homodimers. We observed that HLA-B*27:03, a
disease-associated HLA-B27 subtype, showed a significantly
reduced ability to form homodimers compared with all other
allotypes, including the non-disease-associated/protective allo-
types HLA-B*27:06 and HLA-B*27:09. We used X-ray crystal-
lography and site-directed mutagenesis to unravel the molecu-
lar and structural mechanisms in HLA-B*27:03 that are
responsible for its compromised ability to form homodimers.
We show that polymorphism at position 59, which differentiates
HLA-B*27:03 from all other allotypes, is responsible for its com-
promised ability to form homodimers. Indeed, histidine 59 in
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HLA-B*27:03 leads to a series of local conformational changes
that act in concert to reduce the accessibility of the nearby cys-
teine 67, an essential amino acid residue for the formation of
HLA-B27 homodimers. Considered together, the ability of
both protective and disease-associated HLA-B27 allotypes to
form homodimers and the failure of HLA-B*27:03 to form
homodimers challenge the role of HLA-B27 homodimers in AS
pathoetiology. Rather, this work implicates other features, such
as peptide binding and antigen presentation, as pivotal mecha-
nisms for disease pathogenesis.

Ankylosing spondylitis (AS)® is an immune-mediated
inflammatory disease, which affects primarily the spine and
belongs to the family of rheumatoid diseases called spondylo-
arthropathies (1, 2). For more than 40 years, the human leuko-
cyte antigen (HLA)-B27 gene has been known to be linked with
AS pathology (3, 4). This is one of the strongest genetic associ-
ations that has ever been described between an autoimmune
disease and an HLA gene, with an odds ratio greater than 100.
HLA-B27 is expressed by 90 —95% of all AS patients, and studies
on HLA-B27* twins showed a concordance rate for developing
AS of 63 and 23% for monozygotic and dizygotic twin pairs,
respectively (5, 6). Moreover, HLA-B27" individuals have a
6-16 times greater risk of developing AS if they have a first-
degree relative with AS (3). Although recent genome- and phe-
nome-wide association studies suggested that additional loci
are associated with AS, such as ERAP1 (endoplasmic reticulum
aminopeptidase 1), HLA-B27 has been repeatedly confirmed as
the most relevant genetic predisposition for the development
and onset of AS (7-10).

Despite extensive studies during the last few decades, the
exact role of HLA-B27 in disease initiation and progression
remains unknown, but several theories have been suggested to

¢ The abbreviations used are: AS, ankylosing spondylitis; HLA, human leuko-
cyte antigen; 82m, 3,-microglobulin; r.m.s.d., root mean square deviation;
DTNB, 5,5’-dithio-bis-2-nitrobenzoic acid; MHC, major histocompatibility
complex; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; pHLA,
peptide-HLA.
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Challenging the HLA-B27 homodimer theory

explain its apparent role in AS (11). One of the central hypoth-
eses is the “HLA-B27 homodimer theory,” which proposes that
the formation and subsequent cell-surface presentation of
HLA-B27 heavy-chain homodimers triggers an aberrant im-
mune response leading to autoimmunity. In support of this the-
ory, HLA-B27 molecules exhibit an atypically high propensity
to form homodimers, and stably expressed HLA-B27
homodimers have been observed both in vitro and in vivo (12—
16). In addition, HLA-B27 homodimers have been shown to
interact with immunoreceptors, such as killer-cell immuno-
globulin-like receptors and leukocyte immunoglobulin-like
receptors, although it is unknown whether these interactions
are responsible for the onset of autoimmunity (17-20). At a
molecular level, HLA-B27 homodimers are formed by two
HLA-B27 heavy chains, which are covalently linked through a
disulfide bridge involving a conserved, unpaired cysteine resi-
due (Cys-67) (12, 13, 21), although other cysteine residues may
be involved as well (15, 21). B,-Microglobulin (32m), the aux-
iliary subunit of all canonical trimeric HLA class I complexes, is
almost certainly not retained upon homodimer formation (12,
13). Moreover, the addition of oxidizing or apoptosis-inducing
agents has been shown to increase the levels of HLA-B*27:05
homodimers on both the EBV-transformed Jesthom B-cell and
the leukemic CEM T-cell lines, suggesting that alterations in
the cellular redox environment can induce the formation of
HLA-B27 homodimers (15).

To date, more than 160 different HLA-B27 allotypes have
been described (22—24), but not all allotypes appear to be asso-
ciated with AS, and two alleles in particular—HLA-B*27:06
(common in the southeast Asian population) and HLA-B*27:09
(found primarily in an ethnic Sardinian population)—seem to
protect against or have little association with AS (25, 26). In
contrast, the most prevalent allotypes, including HLA-B*27:02,
:03,:04, :05, :07, and :08, have been linked to the disease (25, 27).
All previous studies that focused on HLA-B27 homodimer for-
mation have predominantly analyzed the most prevalent HLA-
B*27:05 allotype and, to a lesser extent, HLA-B*27:04 and HLA-
B*27:09 (13, 14, 28-30). In addition, a recent report used
comparative flow cytometric analyses to show that the arthri-
tis-associated allotype HLA-B*27:05 forms more cell-surface
homodimers than the non-disease-associated subtype HLA-
B*27:09 (18), which suggests that expression levels of HLA-B27
homodimer might correlate with disease pathogenesis.

Here, we examined the ability of the eight most prevalent
HLA-B27 allotypes (HLA-B*27:02 to HLA-B*27:09) to form
homodimers, which included the non-disease-associated allo-
types HLA-B*27:06 and HLA-B*27:09. We showed that the dis-
ease-associated allotype HLA-B*27:03 (31-34) shows a very
weak propensity to form homodimers compared with other
HLA-B27 allomorphs, independently of their disease associa-
tion (protection or progression). Using X-ray crystallography in
combination with site-directed mutagenesis, we provide the
molecular bases for the compromised ability of HLA-B*27:03
homodimer formation. The observation that a disease-associ-
ated HLA-B27 subtype is barely able to form homodimers may
suggest that HLA-B27 homodimers are not as important in
disease initiation and progression as previously anticipated.
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Results
HLA-B*27:03 shows a reduced propensity to form homodimers

The addition of hydrogen peroxide (H,O,) to the human
Epstein—Barr virus—transformed, HLA-B*27:05-positive
Jesthom B-cell and the leukemic CEM T-cell lines expressing
HLA-B*27:05 can increase the formation of HLA-B*27:05
homodimers in cellulo (15). To confirm and extend this
observation to other HLA-B27 allotypes in a different cell
type, we incubated human B lymphocyte C1R cells express-
ing matched levels of the eight most common allotypes
(HLA-B*27:02 to :09 (35); Fig. S1A) with 250 um H,O, for 8 h
and analyzed the formation of HLA-B27 homodimers by
Western blotting using the HC10 antibody (36, 37), which
recognizes HLA class I heavy chains (Fig. 1 (A and B) and Fig.
S2). Of note, any HC-10 reactivity from those C1R transfec-
tants can be solely attributed to HLA-B27, as WT CI1R cells
do not form homodimers because they only express very low
levels of endogenous HLA-B*35:03 and HLA-C*04:01 (38—
41). As expected, a significant increase in homodimer forma-
tion was observed for the HLA-B*27:05 allotype expressed
on CIR cells upon treatment with H,O,, indicating that
HLA-B*27:05 is able to robustly form homodimers in a cell
line—independent manner. In addition, following exposure
to H,O,, we also observed significantly elevated levels of
homodimers for the disease-associated subtypes HLA-B*27:
02, HLA-B*27:04, HLA-B*27:07, and HLA-B*27:08 as well as
for the non-disease-associated subtypes HLA-B*27:06 and
HLA-B*27:09, with no major differences between these var-
ious allotypes (Fig. S2). In agreement with previous studies
(12, 13, 21), the addition of the reducing reagent DTT
resulted in a complete loss of the homodimers, confirming
that HLA-B27 homodimers are covalently linked via disul-
fide bridges (data not shown). Moreover, we demonstrated
that the unpaired Cys-67 plays a major role in homodimer
formation, as a C67S point mutation in HLA-B*27:05 abol-
ishes homodimer formation (Fig. S3).

However, the disease-associated subtype HLA-B*27:03
showed severely reduced levels of homodimer formation after
the addition of H,O, (Fig. 1 (A and B) and Fig. S2). This discrep-
ancy was evident at steady-state conditions, under which HLA-
B*27:03 homodimers were barely visible compared with other
allotypes, suggesting that HLA-B*27:03 exhibits a severely
reduced propensity to form homodimers, which is an intriguing
observation, given that HLA-B*27:03 is associated with AS (6,
31-34, 42, 43).

Polymorphism at position 59 is responsible for the lack of
HLA-B*27:03 homodimers

To further investigate this finding, we compared the
amino acid sequence of HLA-B*27:03 against the other
HLA-B27 allotypes (Table 1), which revealed that HLA-
B*27:03 differs from other HLA-B27 allotypes at position 59,
whereby the conserved tyrosine residue is replaced by a his-
tidine residue (Y59H) (Table 1). Of note, Y59H is the only
polymorphism that differentiates HLA-B*27:03 from the
archetypal HLA-B*27:05 allomorph, suggesting that this sin-
gle-amino acid polymorphism is sufficient to impact the for-
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Figure 1. Y59H polymorphism affects homodimer formation. A, C, and E, C1R-B*27:03, C1R-B*27:05, C1R-B*27:09, C1R-B*27:07, C1R-B*27:07-Y59H, C1R-
B*27:08, and C1R-B*27:08-Y59H cell lysates were separated by 12% SDS-PAGE and analyzed by immunoblotting using the HC10 antibody and an antibody
recognizing GAPDH as loading control. Representative blots are shown. The addition of H,0, to the cells is indicated above the lanes. Red arrow, HLA-B27
homodimers; blue arrow, monomeric forms. The addition of H,0, to the cells as well as the presence of DTT in the SDS-PAGE loading buffer is indicated above
the lanes. B, D, F, background-corrected densitometric analyses showing the ratio of HLA-B27 homodimer to monomer. n = 4; mean = S.E. (error bars). p value
was calculated using the Welch's t test (¥, p < 0.05; **, p < 0.001; NS, nonsignificant).

Table 1

Amino acid differences among the eight most common HLA-B27 allotypes

Amino acid position

47 59 60“ 67° 77 80 81 82

83 97 113 114 116 131 152 164 211

B*27:05 P Y \\4 C D T L L
B*27:02 N I

B*27:03 H

B*27:04 S

B*27:06 S

B*27:07

B*27:08 S N R
B*27:09

R N Y H D S A% C A
E G
D Y E G
S H N Y R
G
H

“ Positions 47 and 60 are located in the loop surrounding Cys-67. Mutations at these positions are expected to affect homodimer formation.

? Key cysteine residue involved in the formation of homodimers.

mation of HLA-B27 homodimers. Nevertheless, to further
test this notion, we introduced the Y59H polymorphism into
the HLA-B*27:07 and HLA-B*27:08 allotypes (Fig. S44) and
expressed matching levels of these mutant versions in CIR
cells (C1R-HLA-B*27:07-Y59H and CI1R-HLA-B*27:08-
Y59H; Fig. S1B). We have chosen these particular allo-
morphs, as they differ from HLA-B*27:05 by several poly-
morphisms (Table 1) and are more diverged from this
archetypal allotype than the other allomorphs. In agreement
with our postulate, the presence of this single point mutation
in HLA-B*27:07 and HLA-B*27:08 severely reduced the for-
mation of homodimers under both steady-state and H,O,-
inducing conditions (Fig. 1, C—F). These results demonstrate
that the presence of a histidine residue at position 59 is suf-
ficient to impact the ability of HLA-B27 allotypes to form
homodimers in a dominant-negative fashion.

SASBMB

Short-range conformational rearrangements govern the
accessibility of Cys-67

Due to the three-dimensional proximity of the Y59H poly-
morphism to Cys-67, which has been shown to be the key cys-
teine residue involved in the formation of homodimers through
disulfide bonds (12, 13), we hypothesized that the presence of
His-59 causes conformational changes that may impact the
environment of Cys-67. To unravel the effects of this polymor-
phic position on HLA-B*27:03 and HLA-B*27:05, we analyzed
the structures of these HLA molecules in complex with two
different peptide ligands. We selected the endogenous self-pep-
tide LRNQSVENF (LRN), which has been identified in our
comprehensive HLA-B27 peptide database as a ligand for both
HLA-B*27:03 and HLA-B*27:05 allotypes (35), as well as the
well-characterized KK10 peptide (KRWIILGLNK) derived
from HIV. The structure of HLA-B*27:05 in complex with

J. Biol. Chem. (2019) 294(52) 2018520195 20187
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Table 2
Data collection and refinement statistics

Data collection HLA-B*27:03%X1° HLA-B*27:03"RN

HLA-B*27:05"%N HLA-B*27:03-P47G"™™ HLA-B*27:05-W60A"""

Space group .
Cell dimensions: a, b, ¢ (A)
Resolution (A)

P212121
50.85, 85.65, 104.75
44.24-1.52 (1.55-1.52)

P212121
51.05, 82.51, 109.62
46.28-1.53 (1.56-1.53)

P212121
50.78, 82.70, 104.98
45.71-1.44 (146-1.44)

P2,2,2, P2,2,2,
50.98, 82.79, 109.90 50.96, 82.49, 110.02
28.00-1.45 (1.47-1.45)  36.67-1.38 (1.40-1.38)

Total no. of observations 500,083 (24,151) 499,886 (19,314) 586,220 (27,692) 499,862 (24,458) 770,543 (32,004)
No. of unique observations 68,733 (3336) 70,002 (3190) 80,761 (3937) 82,939 (4047) 95,569 (4403)
Multiplicity 7.3(7.2) 7.1(6.1) 7.3(7.0) 6.0 (6.0) 8.1(7.3)
Data completeness (%) 100 (100) 99.6 (92.0) 100 (99.9) 99.8 (99.9) 99.5 (93.9)
I/o, 14.5 (2.1) 13.0 (2.1) 16.8 (2.1) 18.3 (2.1) 20.7 (2.4)
Ry (%) 4.0 (42.3) 3.9(33.9) 3.6 (42.0) 2.5(36.2) 2.0 (31.9)
Refinement

Non-hydrogen atoms

Protein 3213 3220 3238 3223 3233

Water 424 517 425 626 533
Reperor” (%) 20.14 19.35 20.20 18.94 20.36
Rfreez (%) 23.02 22.34 22.03 23.13 22.02
r.m.s.d. from ideality

Bond lengths (A) 0.010 0.010 0.010 0.010 0.010

Bond angles (degrees) 1.03 1.01 1.04 1.01 1.08
Ramachandran plot (%)

Favored region 97.9 97.9 97.7 97.7 98.2

Disallowed region 0 0 0.25 0 0

“R, im. Ehkl(l/([\[ - 1))‘/2 2i|IhI<l,i - <Ih1<1>|/2hkl <Ihkl>'

P
? Resctor = ZnallEol — |EN/Z il F,| for all data except ~5%, which were used for Ry, calculation.

KK10 was published previously (44, 45), and we determined the
structures of the remaining three complexes (of HLA-B*27:03
in complex with both LRN and KK10 peptide and of HLA-
B*27:05 in complex with the LRN peptide).

All structures were solved at high resolution and in the same
space group, independently of the bound peptide or the allo-
morph crystallized (Table 2). The HLA-B*27:05'° and HLA-
B*27:03%19 structures overlaid well, with a root mean square
deviation (r.m.s.d.) of 0.19 A on the antigen-binding cleft and of
0.42 A for the peptide itself (Fig. 24). As expected, the KK10
peptide was observed to bind in a similar extended conforma-
tion in both molecules with the characteristic anchor residues
P2-Arg and PQ-Lys binding the B and F pockets, respectively.
The central part of the KK10 peptide, P6-Leu and P7-Gly, was
poorly defined in the electron density map, indicating flexibility
in both complexes. The structures of the HLA-B*27:03 and
HLA-B*27:05 in complex with the self-derived LRN peptide
also showed a similar conformation of the HLA antigen binding
cleft (r.m.s.d. of 0.14 A) and of the peptide (r.m.s.d. of 0.06 A)
(Fig. 2B). However, in contrast to the KK10 peptide, the elec-
tron density for 9-mer LRN peptide was well-defined with all
residues clearly observed, indicating a more rigid structure than
the KK10 peptide (Fig. S5). Similar thermal stability was
observed for four peptide-HLA (pHLA) complexes (Table 3)
with a T,, ranging from 60 to 63 °C, indicating that the poly-
morphism at position 59 has no impact on the stability of these
pHLAs.

The polymorphic residue at position 59 is located at the
beginning of the HLA «1-helix in close proximity with the P1
residue of the peptide. This residue is a Tyr in HLA-B*27:05 and
a His in the HLA-B*27:03 molecule. The side chains of both
Tyr-59 and His-59 are pointing down in the antigen-binding
cleft. In HLA-B*27:05, the Tyr-59 hydroxyl group is interacting
directly or via a water-mediated bond with the Tyr-171 and
Tyr-7, respectively, as well as interacting with the hydrophobic
residues Ile-52, Phe-33, and Val-34. The aromatic ring of
Tyr-59 sits above the Trp-60 and is sandwiched by two nega-
tively charged residues, Glu-55 and Glu-63 (Fig. S6A). In HLA-

20188 J. Biol. Chem. (2019) 294(52) 20185-20195

B*27:03, the His-59 has an environment similar to that of Tyr-
59, with some localized movement. The lack of a hydroxyl
group allows for the presence of an additional water molecule
bonding His-59 and Tyr-7 in HLA-B*27:03 structures (Fig.
S6B). The smaller side chain of the His-59, compared with Tyr-
59, allows the Trp-60 side chain to be closer to residue 59 in
HLA-B*27:03 (Fig. 2, Cand D). The repositioning of the Trp-60
side chain was more obvious in the KK10-bound structures
than in the LRN-bound ones, with a maximum displacement of
1.8 and 0.6 A, respectively. Interestingly, the Trp-60 sits above
the Pro-47, which is part of the HLA molecule’s third loop (Fig.
S7). This loop is located beneath the Cys-67 residue and spans
from Ser-38 (at the end of the third B-strand) to Pro-50 (at the
start of the a1-helix; Fig. 2, E-G). The Cys-67 residue is located
within the al-helix and shielded by Phe-36, which is located
upstream of the third loop. The third loop itself is stabilized by
hydrophobic side chain stacking of Pro-47, Trp-60, and the
polymorphic residue Tyr/His-59.

Whereas the overall structures of the HLA-B*27:03 and
HLA-B*27:05 molecules were similar irrespective of the bound
peptide, we observed major differences in the flexibility of the
third loop of the antigen-binding cleft based on the B factor
analysis, which is the “temperature factor” representing the
dynamic mobility of each atom. Namely, we compared the B
factor of each residue in the loop located between Phe-36 and
Pro-47 with the overall B factor of the antigen-binding cleft
(residues 1-180 (46)). The relative B factors are higher for the
loop in HLA-B*27:05 compared with HLA-B*27:03 (Fig. 2, H
and ), which revealed a higher mobility of the third loop in
HLA-B*27:05. The relative B factor of this loop was nearly 5
times higher for HLA-B*27:05%'° (average of 23.8) than HLA-
B*27:03"'° (average of 5.5; p = 0.1933 (us), unpaired ¢ test) and
more than 3 times higher for HLA-B*27:05"%*" than HLA-B*27:
03"®N (average of 64.5 compared with 20.8, respectively; p =
0.0309; *, unpaired ¢ test).

Based on these structural rearrangements observed for Tyr/
His-59, Trp-60, and Pro-47 in combination with the apparent
differences in the B factor of the third loops, we concluded that

SASBMB
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factor of HLA-B*27:03""N = 20.8; significance: p = 0.0309 (*), unpaired t test.

Table 3
Thermal stability of pHLA complexes

T, is the temperature required to unfold half of the protein sample. Results are
mean * SE. (n = 2).

pHLA complex T,,
°C
HLA-B*27:051K10 623+ 0.6
HLA-B*27:03KK1° 605+ 0.5
HLA-B*27:05"%N 635+ 0.7
HLA-B*27:03"*N 60.7 + 0.7

the lower flexibility of the third loop in HLA-B*27:03 may limit
the accessibility of the buried Cys-67 residue compared with
HLA-B*27:05 molecule, which reduces the ability of HLA-
B*27:03 to form homodimers.

Proximal loop mobility dictates Cys-67 accessibility and
homodimer formation

To test whether the position and mobility of the proximal
third loop plays an important role in the formation of
homodimers, we introduced specific point mutations into the
HLA-B*27:03 and HLA-B*27:05 heavy chains and analyzed
their ability to form homodimers using Western blotting with
the HC10 antibody (36, 37). We first mutated the Pro-47 in
HLA-B*27:03 to a glycine residue (P47G). We hypothesized
that the P47G mutation would increase the flexibility of the
third loop, which should increase the formation of homodimers
in HLA-B*27:03. Indeed, HLA-B*27:03-P47G showed a signif-
icant increase in homodimer levels compared with WT HLA-
B*27:03 (Fig. 3). Second, we mutated the bulky Trp-60 to a small
alanine residue (W60A) in HLA-B*27:05. Due to the interaction
interplay between His—Tyr-59/Trp-60/Pro-47, the hypothesis
was that the lack of side chain at position 60 would help
the third loop of HLA-B*27:05 to be more rigid and adopt an
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“HLA-B*27:03-like” position resulting in reduced levels of
homodimers. Consistent with this hypothesis, we were unable
to observe any homodimers in HLA-B*27:05-W60A- ex-
pressing cells in contrast to WT HLA-B*27:05 (Fig. 3) despite
comparable cell-surface expression levels (Fig. 1C). However,
by mutating the tryptophan residue to alanine, we destroyed
one of the key residues of the HC10 epitope (*’PXXWDR® (36,
37)), which results in suboptimal antibody binding and explains
the very faint signals for HLA-B*27:05-W60A. Nonetheless,
these observations provide direct evidence for our hypothesis
that naturally occurring and intentional substitutions in this
loop dictate Cys-67 accessibility and heavy-chain homodimer
formation.

To gain molecular insight into the impact of these loop muta-
tions, we solved the structures of the HLA-B*27:03-P47G"*N
and HLA-B*27:05-W60A™N complex and compared them
with their WT counterparts (Table 2). The overall conforma-
tion of HLA-B*27:03 was not disturbed by the P47G mutation,
with an r.m.s.d. of 0.10 A on the overall pHLA complex. In
addition, the P47G mutation did not change the conformation
of the third loop but had a minor effect on the Trp-60 side
chain, which was slightly shifted (0.5 A of the C{2 atom) (Fig.
4A). However, in agreement with our hypothesis, the overall
relative B factor of the third loop in the HLA-B*27:03-P47G"*N
mutant was almost twice as high (average of 35.3) compared
with WT HLA-B*27:03"*N (average of 20.8; p = 0.439 (ns),
unpaired ¢ test; Fig. 4B). This suggests that even a minor
increase in the third loop mobility may have an impact on the
homodimer formation.

Similar to the P47G mutation in HLA-B*27:03, the W60A
mutation did not impact the overall conformation of the HLA-
B*27:05 antigen cleft or the peptide (r.m.s.d. of 0.47 A on overall
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Figure 3. P47G promotes and W60A abrogates homodimer formation. A,
C1R-B*27:05, C1R-B*27:03, C1R-B*27:03-P47G, and C1R-B*27:05-W60A cell
lysates were separated by 12% SDS-PAGE and analyzed by immunoblotting
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Representative blots are shown. The addition of H,O, to the cells is indicated
above the lanes. Red arrow, HLA-B27 homodimers; blue arrow, monomeric forms.
B, background-corrected densitometric analyses showing the ratio of HLA-B27
homodimer to monomer. n = 3, mean = S.E. (error bars). p value was calculated
using the Welch'’s t test (¥, p < 0.05; **, p < 0.001; NS, nonsignificant).

pHLA). However, the W60A substitution had an impact on the
conformation of the third loop as well as on the beginning of the
al-helix (residues 50-57) (Fig. 4, C and D). A section of the
third loop (residues 40-43) changed conformation in HLA-
B*27:05-W60A when compared with WT HLA-B*27:05, with a
maximum displacement of 1.5 A for the Ala-41 Ca atom (Fig.
4C). The conformation of HLA-B*27:05-W60A“®N was more
similar to the HLA-B*27:03"%N complex (r.m.s.d. of 0.20 A on
overall pHLA) than HLA-B*27:05"%*N complex (r.m.s.d. of 0.47
A) (Fig. 4D). This confirms our hypothesis that HLA-B*27:05-
W60A would adopt a “HLA-B*27:03-like” configuration. In
addition, the third loop in HLA-B*27:05-W60A™*N showed an
almost 4-fold decrease in relative B factor (average of 16.7)
when compared with the HLA-B*27:05"%™ complex (average of
64.5) (Fig. 4E; p = 0.0111 (*), unpaired ¢ test). The structural rear-
rangements observed in HLA-B*27:05-W60A"™™ decreased third
loop flexibility significantly, as well as the ability of HLA-B*27:05-
W60A to form homodimers (Fig. 3). Our data also show that the
Trp-60, which is directly contacted by the polymorphic residue 59,
has a greater impact on the third loop mobility than observed for
Pro-47, which sits underneath Trp-60.

To validate biochemically that the Cys-67 residue in HLA-
B*27:03 is less accessible compared with HLA-B*27:05, we per-
formed Ellman’s assays (47) with HLA-B*27:03 and HLA-
B*27:05 by adding 5,5’-dithiobis-2-nitrobenzoic acid (DTNB;
Ellman’s reagent) to the KK10-refolded HLA molecules. In
brief, DTNB reacts with free thiol groups and stoichiomet-
rically produces a 2-nitro-5-thiobenzoate dianion (TNB>™) of

20190 J. Biol. Chem. (2019) 294(52) 20185-20195

yellow color that can be colorimetrically monitored over time.
Given that HLA-B*27:03 and HLA-B*27:05 are identical apart
from a single polymorphism at position 59 (Table 1), and the
only free thiol group in both molecules is the cysteine residue at
position 67, any difference in the reaction rate with DTNB can
be directly attributed to variations in the accessibility of the
Cys-67 residue. In agreement with our hypothesis, significant
differences were observed in the absorbance at 412 nm between
HLA-B*27:03 and HLA-B*27:05 (Fig. 5), suggesting that the
reduced flexibility of the third loop in HLA-B*27:03 causes the
bulky DTNB compound to react slower with its free Cys-67
residue compared with HLA-B*27:05.

Taken together, we demonstrate that the flexibility and con-
formation of the third loop of the HLA-B27 molecule has a
major impact on its ability to form homodimers. The Tyr-59 in
HLA-B*27:05—and presumably in all other HLA-B27 allotypes
carrying the conserved Tyr-59 at this position—impacts the
third loop conformation through its interaction with Trp-60
and Pro-47. These changes impact the mobility of the third
loop, which in turn might modulate the accessibility of Cys-67
and homodimer formation. The presence of the smaller His-59
residue in HLA-B*27:03 allows the third loop to adopt a more
rigid conformation, which reduces homodimer formation
probably by shielding the underlying Cys-67 residue.

Discussion

In this study, we analyzed the ability of the eight most prev-
alent HLA-B27 allotypes (HLA-B*27:02 to HLA-B*27:09) to
form homodimers under oxidizing conditions. With the excep-
tion of HLA-B*27:04, HLA-B*27:05, and HLA-B*27:09, none of
these HLA-B27 allotypes have been tested previously for their
ability to form homodimers, and, to our knowledge, this is the
first report that compared homodimer formation of multiple
HLA-B27 allotypes in the one parental cell line. In line with
previous results (15, 18), we observed that HLA-B*27:05 and
HLA-B*27:09 are able to form homodimers that can be effec-
tively induced by the addition of H,O,, and Cys-67 appears to
be essential for the formation of such redox-induced dimers
(Fig. S3), although Cys-325 has been reported to be involved as
well (15). Importantly, we did not observe any major differences
in the level of homodimer formation between this disease-as-
sociated and the non-disease-associated HLA-B27 allotypes.
This observation is in contrast to a previous report (18), which
shows that the arthritis-associated HLA-B*27:05 allele forms
more cell-surface homodimers than the nonassociated HLA-
B*27:09 allele. HLA-B27 expression levels, cell lines, and/or
sensitivity of reporter assays might account for these discrep-
ancies, in addition to conflicting behaviors between cell
surface—localized and intracellular HLA-B27 homodimers.

All other tested HLA-B27 allotypes—apart from HLA-B*27:
03—were observed to form inducible homodimers (Fig. S2),
which are sensitive to the addition of the reducing agent DTT,
confirming that they are covalently linked by disulfide bonds.
Surprisingly, we observed that HLA-B*27:03, an arthritis-asso-
ciated HLA-B27 subtype that has been found to be present in
many AS patients (6, 31-34), is barely able to form homodimers
and shows significantly reduced homodimer levels under both
steady-state and oxidizing conditions (Fig. 1 (A and B) and Fig.
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Figure 5. Ellman’s assay. The diagram shows the reaction rate of KK10-re-
folded HLA-B*27:03 (orange) and HLA-B*27:05 (pink) with DTNB (Ellman’s re-
agent). The production of the 2-nitro-5-thiobenzoate dianion was measured
colorimetrically for 1 h at an absorbance of 412 nm. n = 3; a representative
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S2). These apparent differences are clearly evident compared
with other disease-associated subtypes as well as with both
non-disease-associated subtypes HLA-B*27:06 and HLA-B*27:
09, and it is difficult to reconcile our observations with the
“HLA-B27 homodimer theory.” A comparison of the HLA-
B*27:03 amino acid sequence against the other HLA-B27 alleles
suggested that the polymorphism at position 59 (Y59H) is
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accountable for its compromised ability to form homodimers.
This notion was further confirmed by the observation (i) that
Y59H is the only polymorphism differentiating HLA-B*27:03
and HLA-B*27:05 and (ii) that the HLA-B*27:07 and HLA-
B*27:08 allotypes, which are able to readily form homodimers,
lose this ability after the substitution of the Tyr-59 by His-59.
These findings prompted us to use X-ray crystallography to
understand the consequences of this polymorphism at the
molecular level. As expected—given that HLA-B*27:03 and
HLA-B*27:05 differ by only one polymorphism—the antigen-
binding cleft conformations are highly similar, but some nota-
ble local conformational differences were observed surround-
ing the polymorphic residue 59. The bulky Tyr-59 in HLA-
B*27:05 exerts an effect on the position of the third loop of the
antigen-binding cleft (residues 38 —50) via hydrophobic inter-
actions with Trp-60 and Pro-47. In contrast, the presence of the
smaller His-59 in HLA-B*27:03 allows the loop to sit closer to
the al-helix. Although these conformational changes were
modest, the resulting mobility changes of the third loops were
significant. In HLA-B*27:03, the third loop was found to be
relatively rigid, which in turn reduces the accessibility of the
buried Cys-67 residue and leads to decreased levels of
homodimer. In contrast, the third loop in HLA-B*27:05 was

J. Biol. Chem. (2019) 294(52) 20185-20195 20191


http://www.jbc.org/cgi/content/full/RA119.010257/DC1

Challenging the HLA-B27 homodimer theory

found to be relatively flexible, such that the underlying Cys-67
residue becomes more accessible to form homodimers. Some-
what reminiscent changes in mobility have been described for a
hinged unit containing the conserved 3, helix in MHC class I
molecules that shows differential mobility, depending on
whether a peptide is bound or not (48). Although highly spec-
ulative, the third loop in HLA-B27 might also reflect a peptide-
dependent region that may be stabilized or destabilized in the
context of appropriate peptides. In addition, the protonation
level of the His-59 residue might be different under physiolog-
ical conditions than in the crystals at pH 5.6, but those changes
in charge states will have presumably only marginal impact on
the structure.

To confirm our observations, we performed biochemical
assays (Ellman’s assays) with HLA-B*27:03 and HLA-B*27:05,
which showed that the Cys-67 residue in HLA-B*27:03 is less
accessible compared with HLA-B*27:05. In addition, we intro-
duced specific, site-directed point mutations (W60A and
P47Q@) into the interaction cascade linking the polymorphic res-
idue at position 59. We succeeded in changing homodimer lev-
els by interfering with the cascade, which directly altered the
flexibility of the third loop. When analyzing HLA-B*27:05-
W60A by Western blotting using the HC10 antibody, we
observed very faint signals even for the monomeric bands (Fig.
3), which was not due to decreased expression levels of HLA-
B*27:05-W60A, as shown by flow cytometry with the HLA-
B27-specific antibody ME1 (Fig. S1C). However, by mutating
the tryptophan residue to alanine, we destroyed one of the key
residues of the HC10 epitope (*"PXXWDR®? (36, 37)), resulting
in suboptimal antibody binding.

Taken together, we provide compelling evidence that HLA-
B*27:03—a disease-associated subtype—is barely able to form
homodimers. These observations are difficult to reconcile with
the “HLA-B27 homodimer theory” and strongly suggest that
HLA-B27 homodimers are not as important in disease initia-
tion and progression as previously anticipated. Although we
cannot entirely rule out the involvement of HLA-B27
homodimers in AS, the polymorphisms underpinning disease
association implicate peptide-binding features and classical
antigen presentation in disease pathogenesis.

Experimental procedures
HLA constructs

To introduce the Y59H polymorphism into HLA-B*27:07
and HLA-B*27:08, the Bglll section from the pcDNAS3.1(+)
Hygro-B*27:03 construct (35) was swapped with the correspond-
ing region of the constructs pcDNA3.1(+)Hygro-B*27:07 and
pcDNA3.1(+)Hygro-B*27:08 (35), resulting in pcDNA3.1(+)
Hygro-B27:07-Y59H and pcDNA3.1(+)Hygro-B27:08-Y59H (Fig.
S44).

To introduce the P47G and/or W60A polymorphisms
into HLA-B*27:03 and HLA-B*27:05, commercially synthesi-
zed HLA-B27 DNA fragments were introduced into the
pcDNA3.1(+)Hygro vector using the restriction sites BamHI
and Xhol (Fig. S4B).

To generate HLA-B27 constructs for bacterial expression,
commercially synthesized and Escherichia coli codon-opti-
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mized HLA-B*27:03 and HLA-B*27:05 DNA fragments with
and without the P47G and/or W60A mutations were intro-
duced into the pET30a vector using Ndel and HindIII (Fig.
S4C). Only the extracellular domains of the HLA-B27 alleles
have been used for bacterial expression. All DNA constructs
were sequenced to confirm their integrity.

Cell lines

The generation of the CIR cell lines expressing HLA-B*27:02
to HLA-B*27:09 has been described previously (35).

All pcDNA3.1(+)Hygro constructs (Fig. S4, A and B) were
stably transfected into CIR cells by electroporation using a
Gene Pulser Xcell™ electroporation system (Bio-Rad). Stable
transfectants were cultured under hygromycin B selection (0.3
mg/ml; Gibco®, Invitrogen) in RPMI 1640 medium (Life Tech-
nologies™, Invitrogen) supplemented with 10% fetal calf
serum, 1% penicillin/streptomycin (Gibco®, Invitrogen), MEM
nonessential amino acids (Gibco®, Invitrogen), 1 mm 3-mer-
captoethanol, 100 mm HEPES (Sigma), and 40 muM L-glutamine
(MP Biomedicals).

Genomic DNA of all established cell lines was extracted at
various stages throughout the study. The HLA-B27 locus was
PCR-amplified and sequenced to confirm allotype and mutant
identities.

H,0, treatment of cells

2.5 X 10° cells were plated in 5 ml of RPMI 1640 medium at
least 2 h prior to H,O, treatment. H,O, (Sigma) was added to
the culture medium to a final concentration of 250 uM, and the
cells were incubated for 8 h at 37 °C. The cell viability was mon-
itored using trypan blue exclusion.

Cell lysis, SDS-PAGE, and immunoblotting

Cells were washed twice with cold PBS, resuspended in lysis
buffer (1% (v/v) IGEPAL, 50 mm Tris (pH 8.0), 150 mm NaCl, 1
mM phenylmethylsulfonyl fluoride, 10 mm iodoacetamide, and
protease inhibitor mixture (Roche Applied Science)), and incu-
bated for 30 min on ice. Insoluble materials were removed by
centrifugation (16,000 X g for 15 min at 4 °C), and the protein
concentration of the supernatant was determined using a
Direct Detect® spectrometer (Millipore).

Proteins were separated by SDS-PAGE using 12% Mini-
PROTEAN® TGX precast gels (Bio-Rad), and 0.1 m DTT was
added where necessary. The resolved proteins were transferred
onto nitrocellulose membranes by Western blotting at 110 mA
for 1 h, and the membranes were blocked with 2.5% milk pow-
der dissolved in TBS-T. The blocked membranes were probed
with the HC10 antibody (which binds HLA class I heavy chains
(36, 37)), which was harvested from hybridoma supernatants,
followed by an anti-mouse horseradish peroxidase— conjugated
secondary antibody (Abcam). For loading control, the mem-
branes were probed with an anti-GAPDH antibody (Abcam)
followed by an anti-rat horseradish peroxidase—conjugated
secondary antibody (Abcam). Membranes were scanned with a
ChemiDoc Touch imaging system (Bio-Rad), using Western
Lightning Plus-ECL enhanced chemiluminescence reagent
(PerkinElmer Life Sciences). Densitometry analyses were per-
formed using the Bio-Rad ImageLab software (version 5.2.1) in

SASBMB


http://www.jbc.org/cgi/content/full/RA119.010257/DC1
http://www.jbc.org/cgi/content/full/RA119.010257/DC1
http://www.jbc.org/cgi/content/full/RA119.010257/DC1
http://www.jbc.org/cgi/content/full/RA119.010257/DC1
http://www.jbc.org/cgi/content/full/RA119.010257/DC1
http://www.jbc.org/cgi/content/full/RA119.010257/DC1
http://www.jbc.org/cgi/content/full/RA119.010257/DC1

combination with Image] (version 1.5i), Microsoft Excel 2016,
and GraphPad Prism 7.

Flow cytometry

Cells were washed with ice-cold PBS, resuspended in flow
buffer (1% fetal calf serum in PBS), and incubated on ice with
the primary antibody ME1 (which binds to HLA-B27 (49)),
which was harvested from hybridoma supernatants). Anti-
mouse FITC or PE antibodies were used as secondary antibod-
ies (Abcam). Propidium iodide was added to monitor cell via-
bility, and 1% paraformaldehyde (in PBS) was used as fixative
prior to antibody staining when required. Flow cytometric anal-
ysis was performed on a BD LSR II flow cytometer (BD Biosci-
ences), and data were analyzed using Flow]Jo version 10.

Protein expression and purification

Soluble HLA class I-B2m heterodimers of WT and mutated
HLA-B*27:03 and HLA-B*27:05 in complex with the KK10
(KRWIILGLNK) or LRN (LRNQSVENF) peptide were pre-
pared as described previously (44). Briefly, B2m and the extra-
cellular section of HLA class I were expressed as insoluble
inclusion bodies in E. coli cells and purified to be refolded with
the peptide. The pHLA complexes were further purified via
anion-exchange chromatography, and their conformational
integrity was confirmed by binding to the mAb W6/32 (50).

Crystallization, data collection, and structure determination

Crystals of each pHLA complex were grown by the hanging-
drop, vapor-diffusion method at 20 °C with a protein/reservoir
drop ratio of 1:1, at a concentration of 10 mg/ml in 10 mm
Tris-HCI, pH 8, 150 mm NaCl using 20-30% PEG 4000, 0.2 M
sodium acetate, and 0.1 M sodium citrate, pH 5.6. The pHLA
crystals were soaked in mother liquor solution with an
increased PEG 4000 concentration to 30% (w/v) prior to being
flash-frozen in liquid nitrogen. All data were collected on the
MX1 (51) and MX2 beamlines at the Australian Synchrotron,
Clayton, using the ADSC-Quantum or Eiger detectors (at 100
K). Data were processed using XDS (52) and scaled with the
Aimless software from the CCP4 suite (57). The structures were
determined by molecular replacement using the PHASER (53)
program with the HLA-B*27:05'° for the MHC model with-
out the peptide (Protein Data Bank accession number 4G9G
(44)). Manual model building was conducted using the Coot
software (54), followed by maximum-likelihood refinement
with the Buster program (55). The final models have been val-
idated using the Protein Data Base validation web site, and the
final refinement statistics are summarized in Table 2. The Pro-
tein Data Bank accession numbers are as follows: HLA-B*27:
03XK19 (6PYL); HLA-B*27:03“%N (6PZ5); HLA-B*27:05-RN
(6PY]); HLA-B*27:03-P47G®N (6PYV); HLA-B*27:05-W60AMRN
(6PYW). All molecular graphics representations were created
using PyMOL version 1.7.6.4 (56).

Thermal stability assay

To assess the stability of the allomorphs and the impact of the
various polymorphisms, a thermal shift assay was performed.
The fluorescent dye Sypro orange was used to monitor the pro-
tein unfolding. The assay was performed in a real-time detec-
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tion system (Corbett RotorGene 3000) originally designed for
PCR. Each pHLA complex was measured twice in duplicate at
two concentrations (0.5 and 1 mg/ml) in 10 mm Tris-HCI, pH 8,
150 mm NaCl and heated from 30 to 95 °C with a heating rate of
1 °C/min. The fluorescence intensity was measured with exci-
tation at 530 nm and emission at 555 nm. The T, , or thermal
melt point, represents the temperature for which 50% of the
protein is unfolded (Table 3).

Ellman’s assay

500 ug of KK10-refolded HLA-B*27:03 or HLA-B*27:05 was
resuspended in 500 ul of buffer containing 20 mm Tris-HCl,
300 mMm NaCl, and 1 mm EDTA. Ellman’s reagent (DTNB,
Sigma) was added to a final concentration of 100 um. The reac-
tion was monitored at 412 nm for 1 h using a Jasco V-750
spectrophotometer.
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