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Kaposi’s sarcoma-associated herpesvirus (KSHV), a human tumor virus, encodes two homologous membrane-associated E3
ubiquitin ligases, modulator of immune recognition 1 (MIR1) and MIR2, to evade host immunity. Both MIR1 and MIR2 down-
regulate the surface expression of major histocompatibility complex class I (MHC I) molecules through ubiquitin-mediated en-
docytosis followed by lysosomal degradation. Since MIR2 additionally downregulates a costimulatory molecule (B7-2) and an
integrin ligand (intercellular adhesion molecule 1 [ICAM-1]), MIR2 is thought to be a more important molecule for immune
evasion than MIR1; however, the molecular basis of the MIR2 substrate specificity remains unclear. To address this issue, we
determined which regions of B7-2 and MIR2 are required for MIR2-mediated B7-2 downregulation. Experiments with chimeras
made by swapping domains between human B7-2 and CD8a, a non-MIR2 substrate, and between MIR1 and MIR2 demonstrated
a significant contribution of the juxtamembrane (JM) region of B7-2 and the intertransmembrane (ITM) region of MIR2 to
MIR2-mediated downregulation. Structure prediction and mutagenesis analyses indicate that Phe119 and Ser120 in the MIR2
ITM region and Asp244 in the B7-2 JM region contribute to the recognition of B7-2 by MIR2. This finding provides new insight
into the molecular basis of substrate recognition by MIR family members.

H ost immune defense against viral infections is mediated by
antigen-specific cytotoxic T lymphocytes (CTLs), which are
activated by engagement of the T cell receptor (TCR) with viral
peptide-major histocompatibility complex class I (MHC I) mole-
cules expressed on the surface of infected cells. MHC I is a het-
erodimeric glycoprotein that consists of a transmembrane (TM)-
type heavy chain and a small light chain (3,-microglobulin) (2).
The pathogen-derived peptides are presented within a groove
composed of the al and a2 domains of the MHC I heavy chain,
thereby initiating CTL immunity (36).

Viruses have evolved various mechanisms to evade hostimmu-
nity, including inhibition of MHC I expression or function
through viral immune evasion molecules (28, 29). However, inhi-
bition of MHC I expression renders the infected cells susceptible
to natural killer (NK) cell-mediated killing. The activation of NK
cells is regulated by the balance between inhibitory and stimula-
tory signals. MHC I provides an inhibitory signal through killer
immunoglobulin (Ig)-like receptors (30), and many immunore-
ceptors, including intercellular adhesion molecule 1 (ICAM-1)
and B7-2, provide stimulatory signals (1, 5, 18, 40). Therefore, to
suppress NK-mediated cytotoxicity, viruses have evolved addi-
tional evasion strategies (20, 27).

Kaposi’s sarcoma-associated herpesvirus (KSHV) is associated
with several human tumors: Kaposi’s sarcoma, primary effusion
lymphoma, and multicentric Castleman’s disease (39). KSHV en-
codes many types of immune evasion molecules in its genome to
establish latent infection (8, 22), among them, modulator of im-
mune recognition 1 and 2 (MIR1 and -2), which are expressed
during the early lytic cycle and localize in the endoplasmic reticu-
lum (ER). MIR1 and -2 are homologous E3 ubiquitin ligases and
induce a dramatic degradation of human MHC I by ubiquitin-
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mediated endocytosis (3, 10, 12). Since MHC I is such a critical
immune receptor for protection from viral infection, these ubiq-
uitin E3 ligases are considered important molecules for immune
evasion by KSHV (8, 26). Intriguingly, MIR2 can downregulate
other important immune receptors in addition to MHC I, e.g.,
B7-2and ICAM-1 (8,9, 18). This additional function suggests that
MIR?2 is a E3 ubiquitin ligase critical for establishing full immune
evasion by KSHYV, because these additional MIR2 substrates are
also involved in the activation of T cells. Thus, it is important to
understand the molecular mechanism of MIR2-mediated down-
regulation; however, it remains unclear how MIR2 recognizes its
substrates.

Both MIR E3 ligases are type III membrane proteins and have
similar secondary structures, including a variant type of RING
domain (RINGv) at the amino terminus located in the cytoplasm,
two transmembrane (TM) regions connected by a short inter-
transmembrane (ITM) region located in the ER lumen, and along
cytoplasmic (CYT) tail at the carboxyl terminus (26, 32). MIR1
and MIR2 have 40% amino acid identity (25, 31), and the only
well-conserved region is the RINGv domain, which plays a role in
recruiting E2 ubiquitin-conjugating enzymes to catalyze ubiquiti-
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nation of lysine residues located in the cytoplasmic tail of sub-
strates (26). Regarding substrate recognition, it has been reported
that the region, including the two TMs and ITM of MIR2, is suf-
ficient for recognition of B7-2 (32), and that report suggested that
MIR2 recognizes B7-2 through the interaction of the TMs of
MIR?2 and B7-2; however, a precise examination of how MIR2
recognizes B7-2 is still lacking.

In this study, we systematically examined the important re-
gions of MIR2 and B7-2 that are required for MIR2-mediated
B7-2 downregulation. By using substrate chimeras constructed by
swapping regions between human B7-2 and human CD8a« chain
(CD8a), which is not an MIR2 substrate (19), we found that the
B7-2 juxtamembrane (JM) region is important for its downregu-
lation. The analysis performed using MIR chimeras made by
swapping ITMs between MIR1 and MIR?2 revealed the importance
of the ITM region of MIR2. In addition, structure prediction and
mutagenesis analysis results suggest that anchoring the aromatic
ring of Phel19 in the plasma membrane supports the suitable
positioning of the hydroxyl group of Ser120, which forms an ini-
tial interaction core with Asp244 of the B7-2 JM. Thus, this is the
first report describing the involvement of the MIR2 ITM in sub-
strate selection. This finding provides new insight into the molec-
ular basis of substrate recognition by MIR family members.

MATERIALS AND METHODS

Plasmids. To coexpress recombinant MIR proteins with green fluores-
cent protein (GFP), the coding regions of KSHV MIR1 and MIR2 were
obtained by PCR using the following primers: 5'-GCGAATTCGCCGCC
ATGGAAGATGAGGATGTT-3" (with an EcoRI site and a Kozak se-
quence at its 5" end) and 5'-CCTCTAGAATGAAACATAAGGGCAGAC
G-3’ (with an Xbal site at its 5" end) for MIR1 and 5'-GCGAATTCGCC
GCCATGGCGTCTAAGGACGTA-3" (with an EcoRI site and a Kozak
sequence at its 5" end) and 5'-CCTCTAGAACCGTTGTTTTTTGGAT
G-3’ (with an Xbal site atits 5 end) for MIR2. After digestion with EcoRI
and Xbal, the PCR products were ligated into the EcoRI/Xbal-digested
pTracer-EF vector (Invitrogen). To generate ITM region-swapping chi-
meras, each of the ITM sequences (residues 109 to 118 of MIR1 and
residues 113 to 122 of MIR2) was exchanged between MIR1 and MIR2 by
an overlapping PCR method (14). Alanine (or glycine for endogenous
alanine residues) scanning and site-saturation mutagenesis of MIR2 were
performed by site-directed mutagenesis based on pTracer-EF MIR2.

To examine the surface expression level of substrates, 3XFLAG-
tagged substrates were constructed. The coding regions of human CD8«
and B7-2 were obtained by PCR using their cDNAs (19) as the templates.
The primer sequences were 5'-TGCCCAAGCTTAGCCAGTTCCGGGT
GTCGCCGCTG-3' (with an HindIII site at its 5" end) and 5'-ATCGCT
CTAGATTAGACGTATCTCGCCGAAAGGCT-3" (with an Xbal site at
its 5" end) for CD8a and 5'-TGCGGAAGCTTGCTTATTTCAATGAGA
CTGCAGAC-3' (with an HindIII site at its 5 end) and 5'-ATCGCTCTA
GATTAAAAACATGTATCACTTTTGTC-3" (with an Xbal site at its 5
end) for B7-2. After digestion with HindIII and Xbal, the PCR products
were ligated into the HindIII/Xbal-digested p3 X FLAG cytomegalovirus 9
(CMV-9) vector (Sigma-Aldrich). To generate the chimeras constructed
by swapping regions between human CD8« and human B7-2, the CD8«
and B7-2 protein sequences were analyzed by the use of SMART software
(21, 33) and could be separated into four regions: the extracellular (EX)
region (residues 22 to 181 of CD8« and residues 30 to 245 of B7-2), the
juxtamembrane (JM) region (residues 172 to 181 of CD8« and residues
236 to 245 of B7-2), the transmembrane (TM) region (residues 182 to 206
of CD8a and residues 246 to 270 of B7-2), and the cytoplasmic (CYT)
region (residues 207 to 235 of CD8a and residues 271 to 329 of B7-2).
Each region of CD8a and B7-2 was exchanged by an overlapping PCR
method (14) and ligated into the p3XFLAG CMV-9 vector. Alanine mu-
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tants and site-saturated mutants were generated by site-directed mu-
tagenesis based on the B7-2;\; -y chimera.

Downregulation assay. The human Burkitt lymphoma-like (BJAB)
cell line was maintained in RPMI-1640 medium supplemented with 10%
fetal bovine serum (FBS), penicillin (100 pg/ml), and streptomycin (100
U/ml) at 37°C under 5% CO,. For recombinant protein expression, 1 X
107 cells were transfected with 10 g of p3XFLAG CMV-9-based sub-
strate-expressing plasmids and 10 ug of pTracer-EF-based plasmids by
electroporation at 260 V and 975 wF using a Gene Pulser II system (Bio-
Rad). At 24 h after electroporation, cells were stained with 10,000X-di-
luted phycoerythrin (PE)-conjugated anti-DDDDK tag antibody (clone
M2; Abcam) in 100 ul of phosphate-buffered saline (PBS) (pH 7.4)-sup-
plemented 2% FBS at 4°C for 15 min. Stained cells were washed with PBS
(pH 7.4)-supplemented 2% FBS and analyzed by FACSCalibur (BD).
Data were analyzed with CellQuestPro software (BD).

Calculation of relative sensitivities of substrates and activity of
MIRs. For statistical evaluation of the extent of MIR2-mediated down-
regulation, the relative sensitivities of substrates and relative activities of
MIRs were calculated. In each experiment, the percentage of PE-positive
cells (i.e., substrate-expressing cells) was measured in the population of
GFP-positive cells, and this percentage was used as the value indicated in
the following formula. The relative sensitivity of each mutant type of
substrate to MIR2-mediated downregulation was calculated as percent
relative sensitivity = (Nx — X)/(Nw — W) X 100, where Nx represents the
value obtained from the experiment in which the mutant substrate (i.e.,
each sample) and GFP were expressed, Nw represents the value obtained
from the experiment in which the wild-type (WT) substrate (i.e., the wild
type for each sample) and GFP were expressed, X represents the value
obtained from the experiment in which the mutant substrate, GFP, and
MIR?2 were expressed, and W represents the value obtained from the ex-
periment in which the wild-type substrate, GFP, and MIR2 were ex-
pressed. The relative activity of each mutant type of MIR was calculated as
percent relative activity = (N — X)/(N — W) X 100, where N represents
the value obtained from the experiment in which GFP and the indicated
substrate were expressed, X represents the value obtained from the exper-
iment in which GFP, each mutant MIR2, and the indicated substrate were
expressed, and W represents the value obtained from the experiment in
which GFP, wild-type MIR2, and the indicated substrate were expressed.
The relative sensitivities and activities are represented as means and stan-
dard deviations (SD) calculated from the results of three individual exper-
iments. The statistical significance of the data was calculated by Student’s
t test.

Detection of MIR-mediated ubiquitination. Cells of the HeLa hu-
man cervical cancer cell line were maintained in modified Eagle’s medium
(MEM) supplemented with 10% FBS, penicillin (100 wg/ml), and strep-
tomycin (100 U/ml) at 37°C under 5% CO,. HeLa cells (70% confluent)
were transfected using 4 pg of plasmids and 6 ul of 25 kDa of branched
polyethylenimine Max (Polysciences) (1 mg/ml; molecular weight [MW],
40,000). Eighteen hours after transfection, cells were lysed in lysis buffer
(1% Nonidet P-40, 0.1% sodium dodecyl sulfate [SDS], 0.1% sodium
deoxycholate, 50 mM Tris-HCl [pH 7.4], 150 mM NaCl, Complete
EDTA-free protease inhibitor [Roche]) on ice for 30 min and were cen-
trifuged at 10,000 X gat4°C for 10 min. A 30-ul volume of anti-FLAG M2
affinity gel (Sigma-Aldrich) was added to the lysates and mixed at 4°C
with gentle rotation. One hour later, the affinity gel was washed three
times with lysis buffer, and then bound proteins were eluted with 100 ul of
3XFLAG peptide (150 pg/ml in lysis buffer). Whole-cell lysates and pre-
cipitated proteins were subjected to SDS-polyacrylamide gel electropho-
resis (SDS-PAGE) using 8 or 15% gels. For immunoblotting analysis,
separated proteins were transferred to polyvinylidene difluoride mem-
branes (Millipore) by the use of a semidry blotter (Bio-Rad) at 15 V for 45
min. The blotted membranes were incubated with 3% skim milk-PBS-
Tween (PBST) (PBS [pH 7.4], 0.05% Tween 20) at room temperature for
60 min and then incubated with 1,000 X -diluted anti-6 X His tag antibody
(polyclonal; MBL), anti-ubiquitin antibody (clone FK2; Enzo Life Sci-
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ences), or horseradish peroxidase (HRP)-conjugated anti-FLAG M2 an-
tibody (clone M2; Sigma-Aldrich) in PBST at room temperature for 60
min. After three washes with PBST were performed, the membranes were
incubated with 2,000 X -diluted HRP-conjugated anti-mouse or -rabbit
IgG antibodies at room temperature for 30 min. After three washes with
PBST were performed, the membranes were visualized with Immobilon
Western chemiluminescent HRP substrate (Millipore).

Analysis of expression of MIR2 mutants. Cells of the HEK293T hu-
man embryonic kidney cell line were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% FBS, penicillin (100
pg/ml), and streptomycin (100 U/ml) at 37°C under 5% CO,. For recom-
binant protein expression, 90% confluent 293T cells in 6-well culture
dishes were transfected by lipofection with 4 pg of plasmid and 6 ul of
branched polyethylenimine (Sigma-Aldrich) (1 mg/ml; MW, 25,000). Af-
ter 48 h, cells were lysed in lysis buffer as described above and centrifuged
at 10,000 X g at 4°C for 10 min. Cleared lysates were subjected to 15%
SDS-PAGE and examined with 1/1,000-diluted anti-6 X His tag polyclonal
antibody (code PM032; MBL) or anti-alpha tubulin antibody (clone B-5-
1-2; Zymed Laboratory) or anti-FLAG antibody (clone M2, Sigma-Al-
drich) as the primary antibody.

Structure prediction analysis. The structures of MIR2 (regions TM1
plus ITM plus TM2), B7-2 (regions JM plus TM), and MIR2 (regions TM1
plus ITM plus TM2)-B7-2 (regions JM plus TM) complex embedded in
the membrane were predicted by performing replica-exchange molecular
dynamic (REMD) simulations in which a larger conformational space is
sampled by swapping temperatures between neighboring replicas based
on the metropolis criterion (35). The CHARMM program and all-atom
PARM22 force field with dihedral cross-term corrections (CMAP) for
proteins were used for the simulation (4, 23). The effect of solvent and
membrane was introduced by using the GBSW (17) (Generalized Born
model with a simple Switching function) implicit membrane/solvent
model, in which the membrane is approximated as an infinite planar
low-dielectric slab. The model has been used for predicting transmem-
brane helix oligomers, e.g., the dimeric structure of glycophorin A (6). We
used 0.04 kcal/mol/A? for surface tension, 5 A for each membrane/solvent
interface, and 27.5 A for the thickness of membrane hydrophobic region
to mimic a POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine)
membrane bilayer. The temperature range for the REMD simulations was
between 300°K and 600°K. The Langevin thermostat was used to control
the temperature. The SHAKE method was applied to bonds that involved
hydrogen atoms, and the time step was set to 2 fs. The replica exchanges
were performed every 2 ps. A 16-A cutoff distance for nonbonding inter-
actions was applied. The MMTSB toolset (11) was used to manage the
REMD simulation, loop modeling, and analysis. A RMSD K-cluster algo-
rithm was carried out for the structures obtained at 300°K, and the cluster
radius was set to 2.5 A. The illustrations of proteins were prepared by
using VMD (15).

In the structural prediction of MIR2, we first prepared two MIR2
transmembrane helices as separated fragments: fragment 1, including
TMI and the partial EX region (EgLFLLMSVVVAGLVGVALCTWTLLV
ILTAP,5), and fragment 2, including the partial EX region and TM2
(A, ,¢GTFSPGAVLGFLCFFGFYQIFIVFAFGGICRVSG;5,). The residues
underlined are MIR2 TM regions predicted to be ideal helices by the
SOSUI server (13). Then, we placed the fragments at the membrane cen-
ter. The initial orientations of these fragments were parallel to the normal
membrane orientation. The distance between the centers of mass of the
two fragments was then set to 20 A. Each helix was rotated every 45 degrees
to generate 64 different initial configurations. A cylindrical wall boundary
with a radius of 30 A was added around the two MIR2 fragments by the use
of the MMFP module of CHARMM to prevent the fragments from mov-
ing far away from each other. A 64-replica REMD simulation was carried
out for 20 ns for enhanced sampling of the TM1-TM2 contact interfaces.
The simulated structures were clustered, and the ITM region (residues
112 to 124) of the largest cluster centroid structure was rebuilt by using the
LOOPMODEL module in the MMTSB toolset. Another REMD simula-
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tion was carried out for 20 ns by taking these helical hairpin structures as
the initial structures, and the REMD-simulated structures were clustered.
The positions of side chains of selected residues above the membrane
center were determined.

In the structural modeling of B7-2, residues 239 to 271 (JM-plus-TM
fragment) of B7-2 were built as an ideal helix, and the TM region (residues
249 to 271) was placed at the membrane center and parallel to the normal
membrane orientation. REMD simulation was performed for 20 ns, and
then simulated structures obtained at 300°K were clustered. In the mod-
eling of the MIR2-B7-2 complex, the predicted MIR2 and B7-2 fragments
were placed in the membrane and the distance between the centers of the
masses of the two fragments was then set to 35 A. MIR2 was rotated every
45 degrees and B7-2 was rotated every 90 degrees to generate 32 different
initial configurations. A cylindrical wall boundary with a radius of 30 A
was added around the two fragments to prevent the fragments from mov-
ing far away from each other. A 32-replica REMD simulation was carried
out for 30 ns, and the REMD-simulated structures at 300 K were clustered.
The positions of the side chains of selected MIR2-B7-2 residues above the
membrane center were determined. The percentages of the clusters and
the shortest contact distances between MIR2 and B7-2 in the centroid
structure for each cluster were examined, and the cluster structures were
determined.

RESULTS

The B7-2 JM region is involved in MIR2-mediated downregula-
tion. To determine which region of B7-2 is essential for the sub-
strate recognition by MIR2, we constructed chimeras by swapping
regions between CD8a and B7-2. Both immunoreceptors are
type-I transmembrane proteins and could be separated into three
corresponding regions: EX, TM, and CYT. The chimeras depicted
in Fig. 1A were cotransfected with a pTracer-EF MIR2, which
expresses both MIR2 and GFP, into human BJAB cells. At 24 h
after cotransfection, cells were analyzed by flow cytometry using
anti-DDDDK antibody to measure the cell surface expression lev-
els of the chimeras. Since GFP expression denoted cells that had
been successfully transfected, we examined chimera expression
levels on GFP-positive cells (see Fig. S1 in the supplemental ma-
terial), and the relative sensitivity of each chimera was calculated
as described in Materials and Methods.

As shown in Fig. 1B, expression of the B7-2 wild type from the
surface of BJAB cells was downregulated by coexpression of MIR2,
while the cell surface expression levels of CD8a and the B7-2¢y
chimera were unaffected. The lysine residues in the B7-2 CYT are
known to be substrates for MIR2-mediated ubiquitination (10),
and the positioning of the lysines is essential (7); however, this
region by itself was not sufficient for downregulation by MIR2.
Consistent with a previous report (32), the B7-21_cyr chimera,
which contains the TM region of B7-2, was downregulated by
MIR2, demonstrating the contribution of this region to MIR2-
mediated downregulation. However, the B7-2py cyr chimera,
which consists of the B7-2 EX and CYT and the CD8 TM regions,
was also significantly downregulated by MIR2 and the extent of
downregulation was statistically greater than that of the B7-
2rm-cyr chimera (Fig. 1B). This finding suggested that the B7-2
EX plays a more important role in the MIR2-mediated downregu-
lation than the TM region. Therefore, we performed extensive
experiments to understand how the B7-2 EX region contributes to
MIR2-mediated recognition.

B7-2 has two immunoglobulin (Ig)-like domains in its EX re-
gion, and the second Ig-like domain (IgC type) (16) is joined to
the TM region by a short JM region consisting of nine amino acids
(i.e., EDPQPPPDH). To reveal which region is involved in the
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FIG 1 The B7-2 JM region is important for MIR2-mediated downregulation.
(A) Schematic representation of the chimeras made by swapping regions be-
tween human B7-2 and human CD8a. The B7-2 and CD8« proteins can be
separated into three distinct regions: extracellular (EX; residues 22 to 181 of
CD8a and residues 30 to 245 of B7-2), transmembrane (TM; residues 182 to
206 of CD8« and residues 246 to 270 of B7-2), and cytoplasmic (CYT; residues
207 to 235 of CD8« and residues 271 to 329 of B7-2). Residues 236 to 245 of
B7-2 and 172 to 181 of CD8 were designated the juxtamembrane (JM) region.
(B) Downregulation of chimeras by MIR2. The FLAG-tagged chimeras were
cotransfected with control GFP (mock) or GFP-MIR2 vectors into BJAB cells
and the cell surface expression level of the chimeras was analyzed by flow
cytometry. The relative sensitivity of each chimera is shown. Error bars repre-
sent SD (n = 3). The asterisk indicates significant difference (P < 0.05). (C)
Downregulation analysis of additional chimeras by MIR2. The relative sensi-
tivity of each is shown. Error bars represent SD (n = 3). The asterisk indicates
significant difference (P < 0.05).

B7-2 EX-mediated downregulation, we constructed additional
chimeras, B7-2;,;_cyr and B7-2pyajvcyr> Which contained the
B7-2 and CD8a JM regions, respectively (Fig. 1A). The downregu-
lation assay demonstrated that the B7-2;,, oyt chimera was more
efficiently downregulated than the B7-2pyaj.cyr chimera (Fig.
1C), aresult clearly demonstrating that the B7-2 JM region plays a
major role in the B7-2 EX-mediated downregulation by MIR2.
Because the B7-2;,;_cyr chimera contains the minimum region for
EX-mediated downregulation, we used it as a model substrate for
a JM-mediated downregulation assay in the following experi-
ments.

The MIR2 ITM region participates in JM-mediated B7-2
downregulation. Our finding that B7-2 JM is the important re-
gion for EX-mediated downregulation by MIR2 suggested the po-
tential importance of the MIR2 ITM in recognition, since this
region is exposed to the extracellular (or ER lumenal) space.
Therefore, to address this issue, we constructed ITM chimeras by
swapping regions between MIR2 (i.e., TAPAGTFSPG) and MIR1
(i.e., GGHDPEIDHYV) as shown in Fig. 2A and performed the
downregulation assay using the B7-2y,_cyr chimera as a substrate
(Fig. 2B). Consistent with previous reports (9, 18), MIR1 did not
downregulate the B7-2;,; cyr chimera (Fig. 2B); however, when
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its ITM region was replaced by the MIR2 ITM region (MIR1 1y
MIR2,1y;), the chimera acquired downregulation activity. In con-
trast, the MIR2 chimera with the MIR1 ITM region (MIR2 1y
MIR1,py) completely lost activity (Fig. 2B). These results demon-
strate that the MIR2 ITM region is required for the B7-2 JM-
mediated downregulation and, taken together with the data in Fig.
1, strongly suggest that the MIR2 ITM region directly recognizes
the B7-2 JM region.

To verify whether the MIR2 ITM-mediated downregulation
depends on ubiquitination, we performed a ubiquitination assay
using these MIR chimeras. After coexpression of the B7-2;,;_ cyr
and MIR chimeras in HeLa cells, the B7-2yy, cyr chimera was im-
munoprecipitated with anti-FLAG and bound proteins were ana-
lyzed by immunoblotting (Fig. 2C). The B7-2;;_cyr chimera was
found to be ubiquitinated by MIR2 and the MIR1 g MIR2 1
chimera but not by MIR1 or the MIR2 ;1\ MIR1,py,; chimera
(Fig. 2C).

MIR2 Phell9 and Ser120 are important residues for ITM-
mediated downregulation. To further explore the molecular ba-
sis of MIR2 ITM-mediated downregulation, we defined the im-
portant amino acid residues in both the MIR2 ITM and B7-2 JM
regions. First, we performed alanine-scanning mutagenesis of
the MIR2 ITM region and then, after confirming that the mu-
tants were expressed at equivalent levels in BJAB cells (see Fig.
S2A in the supplemental material), measured their activity us-
ing the B7-2;; cyr chimera as a target molecule (Fig. 3A). This
analysis demonstrated a significant loss of activity in the F119A
and S120A mutants and a moderate loss of activity in the P115A
mutant (Fig. 3A).

Next, we also performed alanine-scanning mutagenesis on the
B7-2 JM by using the B7-2;,; cyr chimera. Compared to the B7-
2;Mm.cyr chimera wild type, the extent of downregulation seen with
D244A was significantly reduced (Fig. 3B). However, the level of
inhibition with the D244A mutation was incomplete, and all the
other mutants except that with the H245A mutation showed a
trend of slight insensitivity to MIR2-mediated downregulation,
suggesting that not only Asp244 but also other residues in the J]M
region are involved in this process.

Structure prediction analysis suggests the importance of side
chains of Phel19 and Ser120 of MIR2. To examine how particu-
lar residues could contribute to substrate recognition, we used the
REMD method to perform a simulation of B7-2 (regions JM plus
TM) and MIR2 (regions TM1 plus ITM plus TM2) complex for-
mation in a membrane environment (35). The simulated MIR2—
B7-2 complex structures were clustered, and the top 6 clusters are
shown in Fig. S3A in the supplemental material. Among those
clusters, the majority of B7-2 binding to MIR2 took place from the
Ser120 side (in clusters A, B, D, E, and F) (see Fig. S3B in the
supplemental material); however, clusters A, B, and D were inter-
preted as artifacts resulting from the use of a short B7-2 fragment
(regions JM plus TM) in the simulation because the residue at the
tip of the examined B7-2 (i.e., Pro239) is located at the shortest
contact interface with MIR2 (see Table S1 in the supplemental
material). Of the remaining clusters (i.e., clusters E and F), we
chose cluster E as the representative MIR2—-B7-2 complex model,
since that cluster has the shortest residue contact pairing between
MIR2 and B7-2 (see Table S1 in the supplemental material).

A representative MIR2-B7-2 cluster E complex model is
shown in Fig. 4A. Asp244 of the B7-2 JM region was located in the
vicinity of the surface of the membrane. REMD simulation of
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FIG 2 The MIR2 ITM region contributes to B7-2 downregulation by ubiquitination. (A) Schematic representation of the intertransmembrane (ITM) chimeras
made by swapping regions between KSHV MIR1 and MIR2. MIR1 and MIR2 have short ITM regions (residues 109 to 118 of MIR1 and 113 to 122 of MIR2), and
these regions were swapped. (B) Downregulation analysis of B7-2;,; cyr by use of the MIR chimeras. The FLAG-tagged B7-2),, cyr Was cotransfected with the
control GFP (mock) or GFP-MIR chimera vector into BJAB cells, and the cell surface expression level of B7-2),,_y was analyzed by flow cytometry. The relative
downregulation activity of each MIR chimera is shown. Error bars represent SD (n = 3). Double asterisks indicate significant difference (P < 0.01). (C) The
detection of JM-mediated ubiquitination. HeLa cells were cotransfected with a B7-2; -y chimera and MIRs. Two days later, the substrates were immunopre-
cipitated (IP) with anti-FLAG antibody and the precipitated proteins were subjected to immunoblotting (IB) analysis using antiubiquitin antibodies (bottom).

Whole-cell extract (WCE) was examined using anti-6 X His tag (top).

MIR2 showed that it formed a TM helix-ITM loop-TM helix
structure as expected. In the MIR2 ITM region, the structure and
the side chain of Phe119 were buried in the membrane hydropho-
bic core by its hydrophobic side chain (Fig. 4). The side chain of
Ser120 of the MIR2 ITM region was inserted into the membrane/
solvent interface (Fig. 4B); however, the hydroxyl group of Ser120
was located near the extracellular space (Fig. 4A). The side chain of
Ser120 of the MIR2 ITM and that of Asp244 of the B7-2 JM were
predicted to be located similar distances above the membrane
surface (Fig. 4B), and the distance between these residues is suffi-
ciently small to allow the formation of a hydrogen bond (see Table
S1 in the supplemental material). Thus, the hydroxyl group of
Ser120 in the MIR2 ITM might directly interact with the side chain
of Asp244 in the B7-2 JM through a hydrogen bond. With these
results taken together, we hypothesized that Phe119 of the MIR2
ITM might generate a suitable loop structure to promote the func-
tional association between the MIR2 ITM and the B7-2 JM. It is
worth noting that Thr118 was not observed to form a hydrogen
bond with Asp244 in the simulation, even though its position and
side chain are similar to those Ser120.

Site-saturation mutagenesis supports the hypothesis ob-
tained by structure prediction analysis. To examine the hypoth-
esis concerning the contribution of Phell9 and Ser120 of the
MIR2 ITM and Asp244 of the B7-2 JM region that was obtained by
structure prediction analysis, we performed site-saturation mu-
tagenesis analysis of these three residues. First, we performed the
downregulation assay using the B7-2;; cyr chimera and site-sat-
urated mutants of MIR2 Phel19 (F119X mutants). None of the
mutants was as effective as the WT; however, the downregulation
activity of the F119H, F119R, and F119Y mutants was greater than
that of the other mutants (Fig. 5A). Since histidine and arginine
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FIG 3 Mutational analysis identifies amino acids important for ITM-medi-
ated B7-2 downregulation. (A) Analysis of the MIR2 ITM region by alanine
substitution mutagenesis. FLAG-tagged B7-2)\,.cyr Was cotransfected with
control GFP (mock) or the indicated GFP mutant MIR2 vector, and the cell
surface expression level of B7-2; «yr Was analyzed by flow cytometry. The
relative activity of each mutant MIR2 is shown. Error bars represent SD (n =
3). Double asterisks indicate significant difference (P < 0.01). (B) Analysis of
the B7-2 JM region by alanine substitution mutagenesis. FLAG-tagged B7-2,,_
cvr or the indicated mutant FLAG-tagged B7-2;,; yr Was cotransfected with
the control GFP or GFP-MIR2 vector, and the cell surface expression level of
each mutant was analyzed by flow cytometry. The relative sensitivity of each
mutant B7-2;,, ey is shown. Error bars represent SD (n = 3). The asterisk
indicates significant difference (P < 0.05).
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FIG 4 Simulated three-dimensional structures of B7-2 and MIR2. (A) The overall structure of the simulated B7-2 (regions JM plus TM) and MIR2 (regions TM1
plus ITM plus TM2) in the membrane environment. Main chains are depicted as a cartoon model; orange and gray show B7-2 and MIR2, respectively. Amino
acids involved in MIR2-ITM-medicated B7-2 downregulation are represented by spheres; cyan, red, and white show carbon, oxygen, and hydrogen, respectively.
(B) The position distribution of the selected residue side chain based on the membrane center for the MIR2-B7-2 complex. The position of a residue side chain
was determined by the centers of mass of heavy atoms in a residue side chain. The green lines indicated the membrane/solvent boundary.

both have positively charged side chains, it was expected that
F119H and F119R would participate in an artificial charge-charge
interaction with the negatively charged amino acid side chains in
the B7-2 JM region (i.e., E237, D239, and D244). Indeed, F119H
and F119R could not downregulate a D244N mutant of B7-2;; cyr
(data not shown) that was significantly downregulated by wild-
type MIR2 (Fig. 5C). Therefore, F119Y was identified as the only
mutant with significant activity corresponding to downregulation
of B7-2j\ cyr- As discussed below, this result supports the struc-
ture prediction hypothesis, since both phenylalanine and tyrosine
contain a common hydrophobic six-member ring structure.

Next, we performed site-saturation mutagenesis of MIR2
Ser120 (S120X mutants) and a downregulation assay using the
B7-2j.cyr chimera as a substrate. Among the 19 mutants, S120K,
S120R, and S120T showed the highest activity (Fig. 5B). However,
similar to the situation with F119X, the existence of artificial
charge-charge interactions was suspected in the case of S120K and
S120R. Indeed, both S120K and S120R were unable to downregu-
late a B7-2y cyr D244N mutant (data not shown), suggesting
that a serine or threonine is required at position 120 of the MIR2
ITM region. Since both of these amino acids contain the hydroxyl
group, this result also supports our hypothesis. We confirmed the
equal expression levels of the two MIR mutants (see Fig. S2B and
S2C in the supplemental material).

Finally, we also generated site-saturated mutants of Asp244 of
the B7-2 JM region by using the B7-2yy; cyr chimera (D244X mu-
tants) and examined the extent of MIR2-mediated downregula-
tion (Fig. 5C). This experiment revealed that mutants in which the
Asp was replaced with hydrophobic residues showed a tendency
toward hyposensitivity to MIR2. In particular, D244C, D244],
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D244L, and D244W exhibited a significant reduction in their sen-
sitivity to MIR2-mediated downregulation (Fig. 5C). Since hydro-
phobic amino acids would reduce the probability of interaction
with a Ser hydroxyl group, Asp244 might be one of acceptors for
Ser120.

DISCUSSION

Here we have shown the first evidence that MIR2 utilizes its ITM
region for B7-2 recognition. Based on our results, we propose a
model where MIR2 recognizes B7-2 through a divalent recogni-
tion mode as depicted in Fig. 6. The extent of B7-21y_cyr down-
regulation was less than that of B7-2«_cy downregulation (Fig.
1B), indicating an important contribution of the MIR2 ITM. Our
result clearly demonstrated that the MIR2 ITM, but not the MIR1
ITM, contributes to the downregulation of B7-2 (Fig. 2B). The
amino acid sequence of the MIR1 ITM (i.e., GGHDPEIDHYV) is
quite different from that of the corresponding MIR2 ITM (i.e.,
TAPAGTESPG). Both ITMs contain glycine and proline residues,
which are frequently located in loop structures; however, the
MIR1 ITM has many charged amino acids, whereas MIR2 ITM
does not. Instead, MIR2 has three hydroxyl amino acids (Thr113,
Thr118, and Ser120) and a hydrophobic residue (Phel19) in its
ITM. Thus, MIR2 might have evolved this additional recognition
system to allow a more efficient evasion of KSHV-infected cells
from immune targeting.

The alanine (or glycine for endogenous alanine residues)-scan-
ning analysis identified Phe119 and Ser120 of MIR?2 as key resi-
dues for the ITM-mediated downregulation (Fig. 3A). As might be
expected, these amino acids are unique to the MIR2 ITM. The
alanine-scanning analysis of the B7-2 JM showed that the down-
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FIG 5 Site-saturation mutagenesis supports the importance of Phell9 and Ser120 of MIR2 ITM and Asp244 of B7-2 JM. (A and B) Downregulation of
B7-2j\.cyr by the site-saturated mutants of MIR ITM Phel19 (A) and Ser120 (B). FLAG-tagged B7-2;,,_ ¢y Was cotransfected with the control GFP (mock) or
the indicated GFP mutant MIR2 vector, and the cell surface expression level of B7-2;,, -y was analyzed by flow cytometry. The relative activity of each MIR2
mutant is shown. Error bars represent SD (n = 3). The asterisk indicates significant difference (P < 0.05) between the results obtained for the indicated mutant
and others after excluding the mutants that were replaced by basic amino acids. (C) Analysis of site-saturated mutants of B7-2),,_cyr Asp244. The site-saturated
mutants of FLAG-tagged B7-2;,,_ ¢y were cotransfected with control GFP or GFP-MIR2 vector, and the cell surface expression level of each mutant was analyzed

by flow cytometry. The relative sensitivity of each mutant is shown. Error bars represent SD (n = 3).

regulation activity of the D244A mutant was significantly de-
creased; however, the reduction in activity was incomplete (Fig.
3B). Moreover, other mutations around the Asp244 of the B7-2
JM showed slightly reduced sensitivity (Fig. 3B). Thus, these find-
ings suggested that Phel19 and Ser120 of MIR?2 are critical and
D224 of B7-2 JM is relatively important for MIR2 ITM-mediated
B7-2 downregulation.

To help understand how these residues contribute to MIR2
ITM-mediated downregulation of B7-2, we performed structure
prediction analysis of the complex and site saturation mutagenesis
of these residues. Interestingly, the structure prediction analysis of
MIR2 showed that the ITM region of MIR2 forms a loop structure
through anchoring of Phell9 in the membrane (Fig. 4). Since
aromatic amino acids, including phenylalanine, are frequently
utilized for membrane anchoring (24, 34, 37, 38, 41), the hydro-
phobicity of the six-member ring structure is assumed to be crit-
ical for ITM-mediated B7-2 downregulation. This hypothesis was
supported by site saturation mutagenesis of Phell9; tyrosine,
which also contains a six-member ring structure, could function
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FIG 6 A model of divalent recognition by MIR2. Schematic model of B7-2
recognition by MIR2. MIR2 recognizes B7-2 both through the interaction
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recruits an E2 ubiquitin-conjugating enzyme with activated ubiquitin.
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instead of phenylalanine at position 119. In addition, this analysis
suggested that both the size and the hydrophobicity of the six-
member ring structure are required at position 119, because tryp-
tophan, which has a more hydrophobic side chain based on the
larger indole ring, was not functional. Thus, a suitable conforma-
tion of the ITM region, which is mediated through the six-mem-
ber ring structure of Phel19, is critical for ITM-mediated recog-
nition. The predicted structure also showed that Ser120 of the
MIR2 ITM is buried in the membrane/solvent interface but that a
hydroxyl group of its side chain is located near the extracellular
space (Fig. 4). This finding suggests that the presence of the hy-
droxyl group might be required for the MIR2 ITM to downregu-
late B7-2. In fact, the site-saturation mutagenesis demonstrated
that threonine could function similarly to serine at position 120
(Fig. 5B). Consistently, the predicted distance between Ser120 of
the MIR2 ITM region and Asp244 of the B7-2 JM region was
sufficiently small to allow formation of a hydrogen bond (see Ta-
ble S1 in the supplemental material). Thus, our results suggested a
crucial role of Phe119 in forming a suitable conformation and the
hydroxyl group in Ser120 of the MIR2 I'TM region for recognition
of the B7-2 JM region.

In terms of how the JM region of B7-2 is involved in MIR2-
mediated downregulation, we focused on Asp244, which was
shown by mutational analysis to be the most important residue in
the JM region (Fig. 3B). Structure prediction analysis revealed that
the B7-2 JM forms an unfolded structure on the membrane sur-
face and that Asp244 is located at the lower position in B7-2 JM
(Fig. 4), indicating the possibility that Asp244 interacts with
Ser120 of MIR2. Given the importance of the Ser120 hydroxyl
group, a hydrogen bond might be formed between the side chains
of Asp244 and Ser120. This hypothesis was partially supported by
the results of the site-saturation mutagenesis of Asp244; the hy-
drophobic amino acids were not preferred at this position of the
B7-2 JM region (Fig. 5C). In addition to this hypothesis, further
consideration is necessary, since the D224A mutant still showed
considerable sensitivity to MIR2-mediated downregulation.

Although the results discussed above strongly suggest a direct
interaction between B7-2 and MIR2, such a hypothesis is addi-
tionally supported by the following findings. In site-saturation
mutagenesis of Phell9 or Ser120 of the MIR2 ITM region, re-
placement with basic amino acids resulted in considerable activity
with respect to the downregulation of B7-2yy cyr (Fig. 5A and B).
This result was interpreted as being due to the artificial charge
interaction with the acidic Asp244 of the B7-2 JM, since a D244N
mutant was not downregulated by such mutants. This observation
strongly supports the idea that the distance between the MIR2
ITM region and the B7-2 JM region is small enough to allow this
artificial interaction.

In addition, the ITM-mediated downregulation activity of
P115A was not completely but was moderately reduced compared
with that seen with the wild-type MIR2 (Fig. 3A). We hypothe-
sized that the Pro115 mutation might result in a structure suitable
for promotion of the ability to interact with the B7-2 JM region;
however, site-saturated mutagenesis of Prol15 demonstrated that
proline is not necessary at position 115 of the MIR2 ITM (data not
shown). Therefore, at present, the contribution of Pro115 remains
unknown.

In summary, we propose the following scheme as the molecu-
lar basis for the MIR2 ITM-mediated B7-2 downregulation. (i)
The MIR2 ITM recognizes Asp244 of B7-2 JM. (ii) The hydrogen
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bond between Ser120 of the MIR2 ITM and Asp244 of B7-2 JM is
initially required. (iii) The anchoring by the six-member ring
structure of Phel19 into the lipid bilayer supports the suitable
positioning of the hydroxyl group of Ser120 on MIR2 ITM for
interaction with Asp244 of B7-2 JM.
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