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six treatment-naive patients had CD4 T-cell counts of less
than 300 (data not shown). Thus, we infer that the six
treatment-naive patients were not necessarily long-
term nonprogressors.

The most plausible cause of the restricted TCR repertoire
in our case may be lower expression of the Nef138-10(2F)
epitope due to impaired or hyper-intracellular processing.
We previously examined the killing activity of specific
CTL clones against target cells expressing whole Nef
protein with or without the 2F mutation (12). Specific
killing activity directed against cells expressing Nef
protein with the 2F mutation was lower than the activity
against cells expressing the wt Nef protein, suggesting that
hyper-processing or insufficient processing of Nef protein
due to 2F mutation might result in a decrease in cell-
surface expression of pMHC molecules. In this situation,
CTL with higher avidity might be selected to cope with
low antigen expression, resulting in a restricted TCR
repertoire of the CTL population. However, the
mechanisms enabling the maintenance of strong CTL
responses against Nef138-10(2F) in vitro are not currently
understood. Further studies are needed to show whether
the introduction of the 2F mutation actually interferes
with processing and leads to a decrease in pMHC
molecules on the cell surface.

Previous studies have examined the kinetic association
between the emergence of escape variants and the TCR.
repertoire in HIV-1/SIV infection [24-26]. In acute SIV
infection, the emergence of escape viruses was associated
with highly conserved TCR 3-chain CDR3 motifs, but
not with the presence of diverse clonotypic repertoires
[24]. We observed viral escape in all patients in this study.
We did not detect wild-type viruses even in patients
without detectable wt-positive CD8% T cells. Dual-
positive T cells may be enough to remove HIV-1 with the
wild-type epitope. Molecular mimicry between wt-
pMHC and mutant pMHC may elicit both wt-positive
and dual-positive CD8" T-cell populations whether or
not A24-positive patients are infected with wt-positive or
mutant HIV-1. The more efficient removal of the wild-
type viruses may result from better antigen presentation
on the infected cells. Although further evidence is
needed, we speculate that impairment of antigen
presentation may give viruses with the Nefl138-10(2F)
mutation a selective advantage in A24-positive patients
infected with HIV-1. Not only qualitative, but also
quantitative analyses of epitope processing and presen-
tation may shed-light on the fundamental mechanism of
immune evasion by HIV-1.
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Short Communication: Generation of Recombinant
Monoclonal Antibodies against an Immunodominant
HLA-A*2402-Restricted HIV Type 1 CTL Epitope

Jun-ichi Nunoya Toshihiro Nakashima? Ai Kawana-Tachikawa! Katsuhiro Kiyotani®
Yuji lto,* Kazuhisa Sugimura;* and Aikichi lwamoto'®

Abstract

Molecular interaction between the peptide/MHC class I complexes (PMHCs) and T cell receptor (TCR) is
fundamental to the effector function of cytotoxic T lymphocytes (CTLs). Monoclonal antibody against pMHC
with TCR-like specificity is a possible research tool for the antigen presentation. However, it is notoriously
difficult to isolate monoclonal antibodies against pMHCs by the conventional hybridoma technique. To isolate
monoclonal antibodies against an immunodominant HIV-1-derived CTL epitope in the nef gene, we panned
phage clones from a human scFv phage display library. Eight Nef138-10/ HLA-A*24(A24)-specific scFv clones
were isolated and two of them (scFv#3 and scFv#27) were selected for further analysis. The clones stained A24-
positive cells pulsed with Nef138-10 peptides specifically. We reconstituted humanized immunoglobulin Gs
(IgGs) using a baculovirus expression system. Reconstituted IgGs kept the original specificities of the parental
scFvs. The dissociation constants were 23 uM and 20 uM by Biacore, respectively. This is the first report of a
successful generation of monoclonal antibodies against an HIV-1 CTL epitope loaded on an MHC class I

molecule.

C ELLULAR IMMUNE RESPONSE BY cytotoxic T lymphocytes
(CTLs) is a critical line of host defense against human
immunodeficiency virus type 1 (HIV-1)." The first step in the
CTL-based immune response is CTL activation, which is
triggered through antigen recognition by a clonotypic T cell
receptor (TCR).>® Rather than binding to the viral antigen
itself,* TCR binds to a complex formed with HIV-1-derived
peptides and major histocompatibility complex (MHC) class I
molecules (pMHCs).5’6 Due to viral strategies to evade im-
mune recognition, the CTL-based immune response is only
partially effective in suppressing HIV-1."” One of the mech-
anisms by which HIV-1 circumvents CTL activities is through
downregulation of MHC class I molecules by the viral Nef
protein.® Emergence of escape mutations that alter pMHC
binding or recognition is another viral strategy to disrupt the
CTL-based immune response.”'’ We previously reported that
stereotypic Y to F (Y139F) substitution at the second position

in an immunodominant HLA-A*2402(A24) restricted CTL
epitope in the Nef protein (Nef138-10; RYPLTFGWCF) has
an escape phenotype and is becoming widespread in the
Japanese population.'!

To understand cellular immune responses against HIV-1
infection, both antigen presentation and cellular responses
should be analyzed. A decade ago, Altman et al. developed
a system to analyze and evaluate the phenotype of antigen-
specific T lymphocytes using pMHC tetramers.!? However,
relatively few studies have been performed to examine anti-
gen presentation at cellular and molecular levels. For exam-
ple, pMHCs derived from infecting HIV-1 have been analyzed
indirectly by mass spectrometry and Cr release assays.'!*
Lack of a suitable reagent has precluded the direct visuali-
zation and quantification of pMHCs derived from infecting
HIV-1. Antibodies against HIV-1-specific pMHCs could be a
useful tool to analyze antigen presentation both qualitatively
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and quantitatively, and the molecular interaction between
pMHC and their ligands. In other studies, monoclonal anti-
bodies against pMHCs have been isolated for specific com-
binations of peptides and MHC class I molecules.”>'¢ In
earlier studies using hybridoma technology, we attempted to
isolate pMHC antibodies but failed. Technical difficulties of
raising antibodies against pMHCs using a conventional hy-
bridoma technique has led to the development of phage dis-
play techniques to isolate pMHC-specific antibodies."”"'® We
and others have constructed large phage display libraries that
can be used to isolate rare antibodies.!”?! In recent years,
several recombinant antibodies against pMHC with TCR-like
specificity have been isolated from similar human antibody
libraries.!#%22* To investigate the mechanism for the escape
phenotype associated with the Nef138-10 epitope at a mo-
lecular level, we tried to raise monoclonal antibodies against
the epitope using the phage display technique.

We produced soluble Nef138-10/A24 and Env584-11 JA24
using a Sendai virus expression system. These molecules were
purified from the supernatant, and biotinylated with BirA
enzyme as described previously.25 To select Nef138-10/A24
antibodies, we used pooled human single-chain fragment
variable (scFv) phage display libraries.” This pooled scFv
library consists of four scFv library Vy-V/, Vy-Vk, Vu-Vk,
and Vu-VJ, containing 1.1x10%, 2.1x10% 8.4x107, and
5.3%x107 independent clones, respectively. To remove phages
that might bind nonspecifically to the beads, the library
(1.0x10? transforming units) was incubated with streptavi-
din-coated magnetic beads (Dynal, Oslo, Norway) for 1 hwith
continuous rotation. The beads were removed and the su-
pernatant was incubated for 1h with 500 nM Nef138-10/A24s.
Streptavidin-coated magnetic beads were incubated for 1h
with 2% skim milk/phosphate-buffered saline (PBS) and then
added to the antigen/supernatant mixture. After a 15-min
incubation with continuous rotation, the supernatant was
removed and the beads were washed 10 times with PBS
containing 0.1% Tween 20 and two times with PBS. Phages
were eluted from the beads with 100mM triethylamine
(Sigma, St. Louis, MO), and the solution was immediately
neutralized by the addition of 1M Tris-HCl (pH 7.4).
Escherichia coli strain TG1 (GE Healthcare UK Ltd.) was trans-
duced with eluted phages and plated on a 2xYT agar plate
containing 2% glucose and 100 ug/ml carbenicillin (Sigma).
After overnight incubation at 30°C, all colonies were picked
and cultured in a single flask with liquid medium, with the
addition of helper phage M13KO7 (GE Healthcare UK Ltd.).
The scFv-displayed phages were purified from the superna-
tant by polyethylene glycol precipitation, titrated with E. coli
strain TG1, and used for the next round of panning.

The protocol for the second and third rounds was the same
as for the first round, except that phage supernatant was in-
cubated with a lower concentration (100nM) of Nefl38-
10/A24 peptide complexes. After two and three rounds of
panning the scFv phage display library with biotinylated
Nef138-10/A24 and streptavidin-coated magnetic beads in
solution, we achieved a 38.2- and 4200-fold enrichment, re-
spectively, for scFvs that bind to Nef138-10/A24 (Fig. 1A).

After the third round of panning, helper phages were
added to each culture of the individual colonies in order to
recover phages for ELISA as described previously.” Briefly,
96-well maxisorp plates (Nunc, Rochester, NY) were coated
with biotinylated bovine serum albumin (BSA) (1 pg/well;
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Vector Laboratories Inc., Burlingame, CA) overnight at 4°C,
washed three times with 0.1% Tween 20/PBS (the buffer used
for all subsequent washes), and incubated with streptavidin
(1 ug/well; Sigma) for 1h. Plates were washed three times,
incubated with biotinylated peptide/A24 (0.5 ug /well) for 1h,
and blocked with 2% skim milk/PBS for 30 min. Plates were
washed three times, incubated for 1h with ~101° phages
or isolated antibodies, and washed three times. Detector an-
tibodies were added (see figure legends) and plates were
incubated for 1h at 4°C. Plates were washed four times,
and antibody binding was detected by a colorimetric detec-
tion method with a TMB reagent (Pierce Biotechnology Inc.,
Rockford, IL). The reaction was stopped by the addition of
0.5M H,SO,. In addition, DNA fragments encoding scFv were
amplified by colony PCR with primers C5E-S1 (5-CAACG
TGAAAAAATTATTATTCGC-3) and C5E-S6 (5'-GTAAAT
GAATTTTCTGTATGAGG-3). DNA sequencing was per-
formed using the same primers and the ABI Prism dye ter-
minator cycle sequencing Ready Reaction kit (Applied
Biosystems, Foster City, CA) on a Perkin-Elmer ABI-377 se-
quencer. We isolated 80 clones of scFv-displaying phages after
the third round of panning and assayed them by ELISA to
assess binding to Nef138-10/A24 and Env584-11 /A24 (Fig.
1B). As a control, we used the monoclonal antibody W6/32,
which binds to HLA-ABC molecules properly associated with
a heavy chain and a fy-microglobulin. W6/32 recognized
both Nef138-10/A24 and Envb584-11 /A24, indicating that
both peptide/A24 complexes maintained a correct conforma-
tion during the ELISA procedure (Fig. 1B, PC).

Of the 80 clones, 16 bound preferentially to Nef138-10/A24;
the remainder bound to both Nef138-10/A24 and Env584-
11/A24. Following BstOI digestion and sequencing of the
16 scFv DNA fragments that were specific for Nef138-10/A24,
we isolated eight independent clones of scFv-displaying
phages. We confirmed the expression and binding specificity
of each scFv clone by Western blotting and ELISA with anti
E-tag antibody.

For purification and detection of soluble scFvs, we geneti-
cally converted the E-tag located at the scFv C-terminus to the
tandem sequences of c-Myc and 6xHis tags. To express scFvs,
E. coli strain TG1 transformants were cultured at 30°C. When
the ODgqo reached 0.5, expression was induced by the addi-
tion of 1 mM IPTG. Cultures were incubated for an additional
4h at 30°C. To prepare periplasmic fractions, bacteria were
collected by centrifugation and osmotically shocked with ice-
cold 0.2 M Tris-HCl containing 0.5 mM EDTA and 0.5M su-
crose at pH 8.0. scFvs were purified from periplasmic extracts
by affinity chromatography with HiTrap Chelating HP Col-
umn (GE Healthcare UK Ltd.). After replacing the C-terminal
E-tags with c-Myc and 6xHis tags, we confirmed the expres-
sion of each scFv clone in the periplasm and supernatant
using Western blotting with anti c-Myc tag antibody (data
not shown). We selected scFv#3 and scFv#27 for further
analysis. In ELISA with anti-c-Myc tag antibody, soluble
forms of scFv#3 and scFv#27 bound specifically to Nef138-10/
A24 (Fig. 1C).

To analyze the binding specificity of the two selected scFv
clones toward pMHCs expressed on the cell surface, we per-
formed flow cytometry analysis of a peptide pulsed A24-
positive Epstein-Barr virus-transformed B lymphoblastoid
cell line (B-LCL) previously established in our laboratory.”
Twox 10° cells from an A24-positive B-LCL were pulsed for 20
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FIG.1. Isolation of scFvs directed against Nef138-10/A24. (A) A schematic representation of panning. The scFv-displaying
phages that bind to Nef138-10/A24 were panned from a naive human scFv phage display library and collected by
streptavidin-coated magnetic beads. Panning was repeated three times. The enrichment during panning was calculated from
the phage titer bound to Nef138-10/A24. (B) Binding specificity of scFv-displaying phage clones from the phage pool after
three rounds of panning. Recovered parmed phages were screened in ELISA for specific binding to Nef138-10/A24 by using
an HRP-conjugated anti-M13 phage antibody (GE Healthcare UK Ltd.). Each clonal phage and PBS as a negative control (NC)
were assayed in duplicate for its binding to Nef138-10/A24 (filled bar), Env584-11/A24 (hatched bar), and BSA (open bar).
We used an anti-HLA-ABC antibody (W6/32) as a positive control (PC), and detected the bound antibodies with HRP-
conjugated antimouse immunoglobulins (Igs) antibodies (DAKO, Glostrup, Denmark). The numbers below the horizontal
line indicate clones. The ordinate indicates the optical density value at 450 nm (OD;sp). This figure shows results of typical 10
clones (scFv#31-40). We judged a clone specific binding to Nef138-10/A24, when its ODy5q value of Nef138-10/A24 was 10
and 5 times higher than those of BSA and Env584-11/A24, respectively. (C) Binding specificity of scFvs expressed in the E. coli
periplasm was analyzed by ELISA with anti-c-Myc-tag antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA).

to 24 h with 10 4M of each peptide in FCS-free RPMI. After
pulsing, cells were washed three times, incubated with puri-
fied scFvs (50 ug/mL) for 1h at 4°C, washed two times, and
incubated with a biotinylated rabbit polyclonal anti-c-Myc
antibody (10 ug/mL) for 1h at 4°C. Cells were washed twice
and incubated with R-phycoerythrin (PE)-conjugated strep-
tavidin (10 ug/ml; BD Pharmingen, San Diego, CA) for 1h at
4°C, then washed three times and fixed with PBS containing
1% paraformaldehyde. PBS containing 2% heat-inactivated
normal rabbit serum (NRS) and 0.02% sodium azide was used
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as the diluent for all scFvs and antibodies. All washes were
performed with PBS. Flow cytometry was performed using a
FACSCalibur (BD Bioscience, San Jose, CA). Both scFv clones
bound specifically to Nef-138-10/A24. No cross-reactivity
was observed toward endogenously expressed HLA-A, HLA-
B, or HLA-C molecules or toward A24-bound HIV-1 Gag28-9,
HIV-1 Env584-11, or CMV pp65 complexes (Fig. 2). HLA-A,
HLA-B, and HLA-C molecules were expressed equally among
the cell populations used in this assay (Fig. 2, W6/32). These
data suggest that the scFv#3 and scFv#27 bind specifically to
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FIG. 3. Reconstitution of intact human IgG molecules by a baculovirus expression system. (A) CBB staining of expressed
human IgG molecules under reducing and nonreducing conditions. Heavy and light chains are indicated by H and L, re-
spectively. (B) A24-positive B-LCL cells were pulsed with 10 uM Nef138-10 or Env584-11 peptides, and stained with the
reconstituted human IgG27. These cells were then stained with a biotinylated polyclonal rabbit anti-c-Myc-tag antibody (Santa
Cruz Biotechnology Inc.), and finally with a PE-conjugated streptavidin. We also stained the cells with a PE-conjugated anti-
HLA-ABC antibody (W6/32) to analyze the expression of HLA-ABC molecules on the cell surface. The stained cells were

mounted and observed with an Eclipse E600 microscopy system. Two or three cells are shown in each image.

Nef138-10/A24 on the cell surface. The mean intensity of the
fluorescent staining with scFv#27 was higher than the mean
intensity seen with scFv#3 (Fig. 2, top panel).

Individual scFv clones were then converted to intact
human IgG using the Bac-to-Bac Baculovirus expression sys-
tem (Invitrogen Corporation, Carlsbad, CA). The humanIgG1
heavy chain and Ig light chain expression cassettes from pAc-
2-CH3 and pAc-x-CHS3, respectively (PROGEN, Heidelberg,
Germany), were inserted into pFastBac Dual under the
polyhedrin promoter (light chain) and the pl0 promoter
(heavy chain). The VH and VL regions of each clone were
inserted with the Scal/HindIll site and Xhol/Nhel site, re-
spectively. Recombinant baculovirus was made according
to the manufacturer’s procedure. Titers were determined
using the BacPAK Baculovirus Rapid Titer Kit (Clontech
Laboratories, Inc., Mountain View, CA). Insect cells (59 and
High Five cells) were infected with recombinant baculovirus
at a multiplicity of infection (MOI) of 5 and incubated for
96-120h. In preliminary experiments, we found out that ex-
pression was 2- to 3-fold higher in High Five cells than in Sf9
cells, and expression reached a plateau after 96h when the
insect cells were infected at an MOI of 5 (data not shown). The
expression of human IgG molecules was confirmed by Wes-
tern blotting with anti human IgG+IgM (H+ L) antibody
(Jackson ImmunoResearch Laboratories Inc., West Grove,
PA). Expressed proteins were purified by HiTrap Protein A
columns (GE Healthcare UK Lid.) and analyzed by SDS-
PAGE under reducing and nonreducing conditions. The yield
of human IgG expressed using this system was 1-5 mg/1-liter

-

culture. SDS-PAGE analysis of the expressed human IgG
showed two bands corresponding to H and L chains under
reducing conditions and a single band corresponding to IgG
under nonreducing conditions (Fig. 3A), suggesting that the
molecules have a correct conformation. CBB staining also
showed that we obtained pure human IgG after one-step
purification using a protein A column.

To examine cell surface-specific reactivity, we incubated
IgG27 with A24-positive B-LCL cells pulsed with Nef138-10
peptides and observed the stained cells under microscopy.
The staining procedure was identical to the procedure used
for flow cytometry, except that the antibody dilution buffer
was FCS instead of NRS. Stained cells were mounted on
Teflon Printed eight-well chamber glass slides (Erie Scientific
Company, Portsmouth, NH) and observed with an Eclipse
E600 microscopy system (Nikon Corporation, Tokyo, Japan).
As shown in Fig. 3B (right panel), HLA-A, HLA-B, and
HLA-C molecules were expressed with approximately equal
frequency on the cells in the assay. Fluorescence signals ap-
peared as dots on the cells pulsed with the Nef138-10 peptide
(Fig. 3B). By contrast, cells pulsed with Env584-11 showed no
fluorescence. These data suggest that the reconstituted human
IgG was specific for Nef138-10/A24 on the cell surface.

We further characterized reconstituted human IgGs. ELISA
analysis showed that clones IgG3 and IgG27 bound specifi-
cally to Nef138-10/A24 in a dose-dependent manner but not
to Env584-11/A24 or BSA (Fig. 4). At a lower concentration
clone IgG27 showed higher affinity than IgG3, consistent with
staining results seen earlier with the corresponding scFvs.

FIG. 2. Flow cytometric analysis of scFvs for their binding specificity on cells pulsed with peptides. A24-positive B-LCL
cells (HLA-A24, A26, B7, B52, CW7) were pulsed with 10uM of A24-restricted epitope peptides; the Nefl138-10
(RYPLTFGWCEF), Env584-11 (RYLRDQQLLGI), Gag28-9 (KYKLKHIVW), and CMV pp65-328 (QYDPVAALF) were stained
with each scFv clone. These cells were then stained with a biotinylated polyclonal rabbit anti-c-Myc-tag antibody (Santa Cruz
Biotechnology Inc.), and finally with a PE-conjugated streptavidin. We also stained the cells with a PE-conjugated anti-HLA-
ABC antibody (W6/32) to analyze the expression of HLA-ABC molecules on the cell surface. The shaded histograms show
specific staining with each scFv clone whereas open histograms show background staining with a rabbit anti-c-Myc-tag
antibody and a PE-conjugated streptavidin. The ordinate indicates the relative cell number and the horizontal axis indicates
fluorescence intensity in a log scale.
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FIG. 4. Analysis of the molecular interaction of the reconstituted human IgG by ELISA. The binding specificity was
analyzed by ELISA with antihuman IgG antibody (SIGMA). The bindings to Nef138-10/A24 (circle), Env584-11 JA24 (tri-
angle), and BSA(diamond) are shown. The ordinate indicates the optical density value at ODjso. The IgG concentration is

shown below the horizontal line.

Therefore, we concluded that we had reconstituted intact
human IgG molecules with the same high degree of specificity
as the parental scFvs.

We also analyzed antigen-antibody interactions by surface
plasmon resonance using BlAcore 1000 (GE Healthcare UK
Ltd.). The analysis of the interaction between antigens and
antibodies was done at 25°C under a flow rate of 20 ul/min.
HBS-EP (10 mM HEPES, 150 mM NaCl, 3mM EDTA, 0.05%
Tween 20; pH 7.4) buffer was used in all experiments. The
antihuman IgG Fc region antibodies were immobilized about
3700 resonance units (RU) on a research grade CM5 sensor
chip (GE Healthcare UK Ltd.) by standard amine coupling.
The IgG molecules were flowed on the chip and captured
about 1200 RU. Nef138-10/A24 were purified further on a
Mono Q column for the analysis of antigen—antibody inter-
action by BIAcore. Nef138-10/A24s were diluted in HBS-EP
buffer containing NSB Reducer (GE Healthcare UK Ltd.) and
injected for 3min. The chip was regenerated by injecting
10 mM glycine-HCl (pH 1.5). The human IgG captured cell
was used as the reference cell. Data were collected at five
different concentrations of Nef138-10/A24 and analyzed by
BlAevaluation 3.0 software (GE Healthcare UK Ltd.). The
binding and dissociation constants were determined using
data from five different concentrations (Fig. 5A). The disso-
ciation constants of IgG3 and IgG27 were approximately
23 uM and 20uM, respectively (Fig. 5B). The dissociation

constants of the IgG3 and IgG27 clones were in the expected
range for TCR interactions, but were too low for antibody
interactions.?®%” IgG27 stained Nef138-10/A24 specifically on
the surface of peptide-pulsed cells. We also tried to stain the
cells with expression of whole Nef protein using Sendai virus
vector but could not stain endogenously expressed HIV-1 Nef
CTL epitope.

The low expression of the endogenously expressed
CTL epitope and the low binding affinity of the antibodies
might explain the inability to detect endogenously expressed
pMHCs. We speculate that clones IgG3 and IgG27 could have
originated from lower-affinity IgM clones in our pooled scFv
library.

In this study, we successfully isolated scFvs directed against
an HIV-1-specific pMHC, Nef138-10/A24, using a panning
procedure with magnetic beads to select the specific anti-
bodies from phage display libraries. Also, we successfully
reconstituted the human IgGs directed against the HIV-1
Nef138-10 CTL epitope loaded on an HLA-A24 molecule
using the baculovirus expression system. All the clones that
reconstituted using this system kept the same specificity of
parental scFvs and were easily obtained at a high amount and
purity after one-step purification. These systems will provide
us with a rapid generation of monoclonal antibodies that is
difficult to generate using conventional hybridoma technol-
ogy. Ours is the first report to describe the generation of

140 160 , .
10| 9% ' gg ingi d igG3 IgG27
o ®l K, (/M) 4.22:0.22x10* 5.09+2.3x10*
a0 40 ’/ K, (M) 2.30%0.04x10° 201:£0.8x10°]
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FIG. 5. Analysis of the antigen-antibody interaction using Biacore. The antibody-antigen interactions were analyzed by
surface plasmon resonance. (A) The IgG molecules were captured on an antihuman IgG immobilized CM5 chip and Nef138-
10/A24 was flowed on the chip at five different concentrations. (B) The data were collected and analyzed by BlAevaluation.
The binding (K,) and dissociation (Kg4) constants of each IgG clone are shown in the panel.
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monoclonal antibodies bound specifically to an immuno-
dominant HIV-1 CTL epitope loaded on an HLA class I
molecule. We were able to show that this particular CTL
epitope had a B cell epitope. Efforts to isolate antibodies with
higher affinities would be warranted. The escape phenotype
associated with this particular CTL epitope may result either
from structural differences of pMHCs, from aberrant proces-
sing of the mutant epitope, or from decreased numbers of
PMHCs on the cell surface. To address these questions, fur-
ther studies are underway using these monoclonal antibodies
and some other techniques.
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ABSTRACT

Article history: A simple, cell-based, membrane fusion assay systemn that uses split green fluorescent proteins (spGFPs)
Recefved 9 Feb(uary 2009 as an indicator was developed. The attachment of the pleckstrin homology (PH) domain to the N-termini
Received in revised form 11 June 2009 of each spGFP not only localized the reporter signal to the plasma membrane but also helped the sta-

Accepted 16 June 2009

Available online 25 June 2009 ble expression of the smaller spGFP of seventeen amino acid residues. It was shown that this system

allowed real-time monitoring of membrane fusion by HIV-1 envelope protein (Env) without the addition
of external substrates. This method can be adapted to the analyses of other viral membrane fusion.

Key_words: . © 2009 Elsevier B.V. All rights reserved.
Split protein
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HIV-1

Membrane fusion
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1. Introduction a cell-cell or virus-cell system. The methods described employ
materials, such as visible dyes, transcription factors, and self-

Membrane fusion is the prerequisite event that allows complementing enzyme fragments, that produce a signal when
enveloped viruses, some of which are linked to emerging infec- they transfer from one compartment to another via membrane
tious diseases such as avian influenza, severe acute respiratory fusion (Barbeau et al,, 1998; Blumenthal et al.,, 2002; Feng et al.,
syndrome, and acquired immunodeficiency syndrome (AIDS), to 1996; Furuta et al,, 2006; Holland et al., 2004; Huerta et al., 2002;
enter their host cells. Among these emerging diseases, AIDS has Junand Wickner, 2007; Linet al., 2005, 2003; Monck and Fernandez,

become a global threat to human health. The discovery of a mem- 1992; Sakamoto et al., 2003).
brane fusion inhibitor has made HIV-1 Env an important target The development of a versatile, cell-based membrane fusion
for anti-HIV-1 chemotherapy (Chan et al., 1997; Eckert and Kim, assay system s described in this report. The system employs a mod-

2001; Este and Telenti, 2007; Poveda et al.,, 2005; Weissenhorn ified green fluorescent protein (GFP), split GFP (spGFP), which has
et al,, 1997). Recently, a new class of inhibitor that blocks the been engineered to have the capacity for self-assembly (Cabantous
interaction between Env and its co-receptor, CCR5, has been devel- etal,, 2005). The pleckstrin homology (PH) domain (Lemmon, 2008)
oped (Santoro et al, 2004). A simple phenotyping method of was fused at the N-termini of spGFPs so as to focus the signal in the
Env-mediated membrane fusion will facilitate progress in the membrane regions. These spGFPs become fluorescent only when
development of new inhibitors or in the evaluation of drug- they have reassociated with each other (Cabantous et al., 2005)
resistant mutants (Olson and Maddon, 2003). during the membrane fusion. Unlike an enzyme-based assay, this

A phenotyping method of HIV-1 Env requires a system that SpGFP system allows real-time monitoring of the membrane fusion
generates a measurable signal upon membrane fusion either in process without any additional substrates.

2. Materials and methods

Abbreviations: AIDS, acquired immunodeficiency syndrome; GFP, green fluo-

rescent protein; spGFP, split green fluorescent protein; PH, pleckstrin homology; 2.1. Construction of expression vectors
DMEM, Dulbecco’s modified Eagle's medium; MSD, membrane-spanning domain.

* Corresponding author at: Research Center for Asian Infectious Diseases, Institute . .
of Medical Science, the University of Tokyo, 4-6-1 Shirokanedai, Minato-ku, Tokyo The PH domain based on human phOSphOHPase (3 was syn-

109-8639, Japan. Tel.: +81 3 6409 2204: fax: +81 3 6409 2008. thesized by assembling 10 oligonucleotides, each containing 79
E-mail address: zmatsuda@ims.u-tokyo.ac,jp (Z. Matsuda). nucleotides. The oligonucleotides were combined and assembled

0166-0934/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.jviromet.2009.06.017
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Fig. 1. Engineered proteins and expression vectors. (A) The amino acid and nucleotide sequences of PH domain and GFPopty_y; were shown. The amino acid residue was
shown using the single-letter abbreviations. The split point between GFPy_io and GFPy; is indicated by the arrow in GFPopti-n1. (B) (upper panel) The expression vector for
spGFPs. MCS: multiple cloning site; spGFP: the insertion point of spGFP; Kan/NeoR: kanamycin/neomycin resistance gene. (Lower panel) The different spGFPs. PH: pleckstrin
homology domain. The restriction sites that were used are indicated. (C) (upper panel) The HIV-1 envelope expression vector, pNHcRedEluc. pCMV: human cytomegalovirus
promoter, NLS: nuclear-localization signal, HcRed: a far-red fluorescent protein isclated from Heteractis crispa, f-Luc: firefly luciferase, MSD: membrane-spanning domain,
AmpR: ampicillin resistance gene. (Lower panel) Primary structures of the MSDs used. WT: wild type, GpA: glycophorin A, VSV-G: vesicular stomatitis virus G protein. The

predicted MSD regions are capitalized.

by PCR (94°C for 30s, 50C for 30s, 72<C for 40s for 30 cycles).
Similarly, 30 oligonucleotides, which overlapped each other with
18 bases at the both ends, were used to assemble the optimized
GFP gene, named GFPopty_;;. The primary sequences of the PH
domain and GFPopt;_;; are shown in Fig. 1A. Both amplicons were
cloned and sequenced in pCR4Blunt-TOPQ (Invitrogen, Carlsbad,
USA). GFPopty_1; was split into GFPy_19 (1-642 base pairs) and
GFPyy (643-696 base pairs), at a point between the 10th and 11th
{3-sheets of the GFP. The subscripts 1-10 and 11 reflect this location.
The PH-GFP;_1g and PH-GFPy; genes were generated by combining
the PH domain gene with the spGFP genes. These genes were then
cloned to pdEGFP, which was constructed by deleting the EGFP gene
in pEGFP-N2 (BD Biosciences Clontech, Palo Alto, USA) (Fig. 1B). The
expression vector for each protein was named by adding pd in front
of the target protein, such as pdPH-GFP{_1g.

The FLAG tag sequence was added to the 3’-termini of the spGFP
genes by using a 3'-primer that included the FLAG tag sequence dur-

1A

ing PCR. A new HIV-1 Env-expression vector called pNHcRedEluc, a
derivative of pElucEnv (Miyauchi et al.,, 2005), was constructed by
replacing the gene for EGFP with that of a tandem red fluorescent
protein; HcRed (Evrogen, Moscow, Russia). This was preceded by
a nuclear-localizing signal (Fig. 1C). Thus the nuclei of transfected
cells became red. The transfection efficiency could then be mea-
sured by firefly luciferase activity. The pNHcRedElucANB vector in
which most of the env gene had been deleted was prepared as a
negative control.

2.2. Cell cultures and transfection

The 293FT (Invitrogen, Carlsbad, USA) and 293CD4 (Miyauchi
et al.,, 2005) cells were maintained in Dulbecco’s modified Eagle's
medium (DMEM, Sigma, St. Louis, USA) supplemented with 10%
fetal bovine serum (Hyclone, Logan, USA). The 293FT cells were
cultured with 500 ug/mi of Geneticin (Gibco, Grand Island, USA),
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as recommended by the manufacturer. Transient transfection was
accomplished using Fugene HD (Roche, Indianapolis, USA). Stable
cell lines expressing PH-GFP;_;p were established after transfect-
ing 293CD4 cells with pdPH-GFPy_yo by electroporation (Biorad
GenePulsar, Hercules, USA). Transfected cells were selected with
700 pg/ml of Geneticin in DMEM.

2.3. Fusion assay

The spGFP-mediated fusion assay was performed as follows. The
expression vectors pNHcRedEluc and pdPH-GFPy; were transfected
into 293FT cells. The transfected 293FT cells were overlaid with
293CD4 cells which were transfected transiently or permanently
with vector pdPH-GFPy_y¢. In the case of transient transfection,
the mixing of cells was started at 42 h after transfection. Fusion
was monitored in real-time using an IN Cell Analyzer 1000 (GE
Healthcare, Uppsala, Sweden) or was observed using a confo-
cal microscope (Olympus FluoView FV1000, Tokyo, Japan) that
examined fixed cells (4% paraformaldehyde) at designated time
points.

The fusion assay using the mixing of the two different fluo-
rescent proteins expressed in the Env(+)- and receptor(+) cells,
respectively as an indicator was carried out as follows. The pElu-
cEnv (Miyauchi et al., 2005) was transfected into 293FT cells to
make Env(+) cells. Because pElucEnv expressed both the HIV-1 Env
and GFP proteins, this generated “green” Env(+) cells. Meanwhile
the expression vector for DsRed (Clontech/Takara, Otsu, Japan) was
transfected into 293CD4 cells to generate “red” receptor(+) cells.
These two types of cells were co-cultured and the extent of the
fusion was monitored by the redistribution of the green and red
signals by microscopy.

The inhibitor C34 was used to show the specificity of the new
fusion assay. According to the previous study (Kliger et al., 2001),
two different concentrations, 12nM and 150 nM in a final concen-
tration, of the peptide inhibitor, C34, was added at the beginning of
the co-culture. The IC50 value of the C34 peptide was about 12 nM
and more than 90% inhibition was observed with the concentration
of 150nM (Kliger et al., 2001). The cells were fixed and examined
after 2.5 h of co-culture and analyzed as described above.

2.4. Protein analysis

Sample preparation and immunoblotting were done as
described previously (Miyauchi et al., 2005). Anti-FLAG antibody
(Sigma, Saint Louis, USA) and anti-GFP antibody (Santa Cruz
Biotechnology, Santa Cruz, USA) were used as primary antibodies
for the analysis of GFPy; and GFP;_yq, respectively. Chemilumines-
cence signals were detected using an LAS-3000Lite (Fujifilm, Tokyo,
Japan).

2.5. Immunofluorescence assay

Transfected cells were fixed in an acetone:methanol solution
(1:1) for 15min at room temperature and stained with an anti-
FLAG antibody (3 pg/ml) for 40 min at 30°C. A secondary antibody,
labeled with Alexa Fluor 555 (Invitrogen, Carlsbad, USA), was used.
The fluorescent signal was observed using a confocal microscope
(Olympus FluoView FV1000, Tokyo, Japan).

3. Results
3.1. Expression of modified spGFPs
3.1.1. Immunoblotting analysis

The expression vectors containing different spGFPs shown in
Fig. 1B were transfected into the cells and the expressed pro-
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Fig. 2. The spGFPs expressed in the transfected cells. (A) Immunoblotting analy-
sis of 293CD4 celis transfected with GFPy_1o and PH-GFP;_1¢ expression vectors
and probed with an anti-GFP antibody. Cells transfected with pEGFP-N2 (BD Bio-
sciences Clontech) were included as a positive control (EGFP lane). {B) The proteins
expressed in 293FT cells transfected with the GFPy;-FLAG or the PH-GFP;;-FLAG
expression vectors were probed with an anti-FLAG monoclonal antibody. Mock: the
mock transfected cells,

teins were then analyzed by immunoblotting. When probed with
an anti-GFP antibody, GFP;_19 and PH-GFP;.1g were detected as
approximately 25 kDa and 40 kDa bands, respectively (Fig. 2A). The
observed molecular weights were consistent with those expected
from the amino acid sequences. The cells transfected with pEGFP-
N2 (BD Biosciences Clontech) were included as a positive control
(Fig. 2A, EGFP lane). As for GFPy1, an anti-GFP antibody failed to
detect any band (data not shown). A FLAG tag was added to GFPy;
with and without the PH domain because this failure could have
been caused by the absence of anti-GFP’s epitope in the seventeen-
amino-acid-long GFPy; portion. When probed with an anti-FLAG
antibody, a band of 22 kDa was detected for PH-GFP;; -FLAG but not
for GFPq1-FLAG (Fig. 2B). This result suggested that GFPy;, as only a
seventeen-amino-acid-long peptide, was unstable without the PH
domain.

3.1.2. Immunofluorescence analysis

Immunofluorescence analysis was used to examine the intracel-
lular localization of the spGFPs. The GFP;_yq distributed throughout
the cell, but with the PH domain attached, the PH-GFP;_;q localized
to the periphery of the transfected cells (Fig. 3A). The expression of
FLAG-tagged GFPy; (Fig. 3B, top) was not detected. This finding is
consistent with the results of immunoblotting (Fig. 2B). However,
FLAG-tagged PH-GFPy; was detectable at the cell periphery (Fig. 3B,
middle). Without the FLAG tag, PH-GFP; showed no signal with
anti-FLAG antibody (Fig. 3B, bottormn).

3.2. Recovery of GFP function by reassociation of spGFPs

Next, pairs of the spGFPs were co-transfected into 293FT cells
and their outcome was examined (Fig. 3C). Consistent with the
data shown in Fig. 2, PH-GFPy;, but not free GFPy;, was able to gen-
erate a green signal (Fig. 3C). When PH-GFP;; was co-transfected
with GFP;_yp, @a homogenous green signal was observed. This data
suggests that the reassociation of two split GFPs could take place
before they are localized to the plasma membrane. With the pair
of PH-GFP;.1¢ and PH-GFPy;, most of the green signal was detected
in the rim of the co-transfected cells (Fig. 3C). As expected, nei-
ther the spGFPs nor the PH-spGFPs alone showed any fluorescence
(Fig. 3D).
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Fig. 3. Intracellular localization of spGFPs expressed with pdExpression vectors. (A) Immunofluorescence assay of GFPy_1o or PH-GFPy_o-transfected cells using an anti-GFP
antibody. Mock: mock transfected cells; BF: bright field view; Alexa555: the Alexa555-derived signal. (B) Immunofluorescence assay of GFPy; -FLAG, PH-GFPy1-FLAG, and
PH-GFPy;-transfected cells using anti-FLAG antibody. The abbreviations used are the same as for (A). (C) Co-transfection of PH-GFPy_ip with PH-GFPy; and GFPy; and of
GFP;_10 with PH-GFPy; and GFPy;. (D) Single transfection of different spGFPs. BF: bright field view; GFP: the GFP signal.

3.3. Membrane fusion assay using spGFPs

3.3.1. Analysis of the wild type HIV-1 Env-mediated fusion
PH-spGFPs was used for the analysis of membrane fusion
induced by HIV-1 Env. For this, the 293FT cells were transfected
with pNHcRedEluc and pdPH-GFPy; and then co-cultured with the
293CD4 cells that were stably expressing PH-GFP;_1g. The green sig-

13

nal was observed at the plasma membrane surrounding several red
nuclei (Fig. 4A). The red nuclei were derived from the 293FT cells
expressing Env as pNHcRedEluc expressed the nuclear-localizing
HcRed proteins. The unique localization of green signal in the mem-
brane region made it easy to differentiate the real signal from the
non-specific autofluorescence background. Furthermore, the non-
envelope-mediated spontaneous fusions, if they occurred, could be
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Fig.4. Generation of the green fluorescent signal upon membrane fusion. Cell fusion between envelope-and receptor-expressing cells that harbor respective spGFP expression
vectors were observed using a confocal microscope and IN Cell Analyzer. The HcRed signal was generated from the cells transfected with the expression vector for envelope
and HcRed genes (Fig. 1C). (A) Detailed image of the localization of spGFPs and HcRed. BF indicates bright field; GFP: the green fluorescence signal; Merge: the merged images
of GFP, HcRed, and BF. (B) The effect of the specific inhibitor and comparison with the fluorescent proteins-mixing assay. The specific inhibitor of the HIV-1 Env-mediated
membrane fusion, (34, was used in the spGFP assay (left) and the conventional fluorescent protein-mixing assay (right). The final concentration of the inhibitor was indicated
in nM. In the fluorescent protein-mixing assay {right), Env(+)-293FT cells expressing GFP and the receptor(+)-293CD4 cells expressing DsRed were co-cultured. Fused cells
are seen as both GFP and DsRed signal-positive cells. (C) Comparison of the frequency of membrane fusion events between wild type (WT) and its MSD mutants (GpA and
VSV-G) (details are in Fig. 1C). ANB indicates Env-deleted pNHcRedEluc. (D) The time-course analyses. Arrowheads indicate the regions of observed GFP signal. The time after
co-culture is indicated in the upper left of each image.
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ruled out by the absence of red nuclei in the syncytia. This result
indicates that the simultaneous use of pNHcRedEluc and spGFPs
allows us to monitor membrane fusion directly without the addi-
tion of dyes or substrates.

3.3.2. Analysis of HIV-1 Env-mediated fusion using an inhibitor
and Env mutants

The specificity of the spGFP assay was examined by using the
known inhibitor of the HIV-1 Env-mediated membrane fusion, C34
{Seo et al., 2005). The €34 peptide is known to inhibit the forma-
tion of 6-helix bundle. Two different concentrations, 12 nM (IC50)
and 150 nM (IC90) (Kliger et al., 2001), were tested in spGFP fusion
assays. For a comparison, in addition to the spGFP assay, the fusion
assay using the Env(+)- or receptor(+)-cells expressing GFP and
DsRed, respectively was used. In the spGFP assay, the number of
the GFP signal-positive cells was decreased in a dose-dependent
manner (Fig. 4B, left column). In a parallel assay, the number of the
fused cells indicated by the presence of the both GFP and RFP signals
in the fused cells was decreased similarly (Fig. 4B, right panel). The
new spGFP assay was much easier to monitor, because the green
signal was only observed when the actual fusion took place. In a
conventional method relying on the mixture or redistribution of
the two colors was more time consuming, because each cell has to
be scored for the presence of either or both colors.

The previously described fusion-inefficient mutant Env that
carries the mutation in the membrane-spanning domain (MSD)
(Fig. 1C, lower panel) (Miyauchi et al., 2005) was also analyzed. Con-
sistent with previous data (Miyauchi et al., 2005), the MSD mutants
showed the fusion events but less frequently, as exemplified by the
lower number of cells bearing the green signal (Fig. 4C).

3.3.3. Real-time membrane fusion assay

The membrane fusion in a real-time manner using spGFP sys-
tem was monitored with an IN Cell Analyzer 1000. The green signal
derived from the reassociated spGFPs gradually increased in the
number and intensity over the observation period (Fig. 4D). When
T7 RNA polymerase transfer assay was applied (Miyauchi et al,
2005), a corresponding increase in the reading of the reporter
enzyme was observed (data not shown). Using the transient trans-
fection system, we performed several tests to determine the timing
needed to detect the green signal. Sometimes the signal was
detected as early as 30 min after co-culturing. Amore reliable result,
however, was obtained after more than 1h co-cultivation.

4. Discussion

A cell-based assay system of membrane fusion that uses spGFP
has been developed. It was found that the PH domain not only
localizes the signal resulting from the spGFPs reassociated to the
membrane but also aids the stable expression of GFPy;.

The new spGFP-mediated system is cost- and labor-efficient.
First, the same living co-cultured cells can be monitored for real-
time monitoring over a prolonged period (Fig. 4D). Second, the
reassociated spGFPs will produce a measurable signal without
any additional reagents. The dye-mediated fusion assay requires
preloading of dyes before the fusion reaction (Blumenthal et al,,
2002). A quantitative fusion assay using enzymes, either as pre-
expressed self-complementing enzyme fragments or as induced
reporter enzymes, requires the addition of enzyme substrates to
monitor the processes (Cavrois et al., 2002; Holland et al., 2004; Jun
and Wickner, 2007). Furthermore, if a particular substrate is mem-
brane impermeable, continuous monitoring of the same sample is
impossible because the cells have to be lysed for the assay.

Simple assay systems described in this study are suitable for
high-throughput analyses. The combination of dye-transfer and
fluorescence-activated cell sorting can achieve this (Huerta et al,,
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2002: Lin et al., 2003). However, the system reported in this study
is much simpler than these methods because it generates the
detectable signal only when fusion actually occurs. In the dye-
transfer assay or similar “color”-mixing assay shown in Fig. 4B, one
has to discriminate the simple aggregation from real fusion because
the dye signals are persistent throughout the assay.

As shown in the Fig. 4C, the lower incidence of membrane fusion
induced by mutant Envs was detected as visible foci with the spGFP
system. If one can clone the envelope genes from clinical samples
into an appropriate expression vector, this system may be useful
for detecting a minor population of Env that possesses the differ-
ent co-receptor usage. Such a tropism assay can be easily adapted
by using CCR5/CD4+ cells together with CXCR4/CD4+ cells. Simi-
lar identification of fusion foci can be achieved if GFP is used as a
reporter gene in a transcriptional factor transfer assay, such as T7
RNA polymerase or Tat (Barbeau et al., 1998; Feng et al.,, 1996; Lin
et al., 2005; Sakamoto et al., 2003), but the need for de novo tran-
scription/translation steps may result in a longer lag time for signal
generation. Of course, membrane fusion by viruses other than HIV-1
can be monitored easily.

This spGFP-based system does not require on-going transcrip-
tion/translation steps during membrane fusion. Therefore, when
the tag for a different intracellular compartments is applied, the
system can be used to detect communication between two com-
partments in the cell, such as that which occurs in vesicular
transport. The application of the spGFP in other biological systems
has been described previously (Feinberg et al., 2008).
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Variable region 1 (V1) of the SPRY domain of TRIM5x is a major determinant for species-specific virus
restriction in primates. We previously reported that a chimeric TRIM5a containing baboon V1 in the
background of cynomolgus monkey TRIM5a showed potent anti-human immunodeficiency virus type 2
(HIV-2) activity. Since baboons are reportedly sensitive to HIV-2 infection, there was a discrepancy between
the ability of baboon TRIM5c: V1 to restrict HIV-2 and baboon sensitivity to HIV-2. In the study presented
here, we examined the roles of V2 and V3 of the baboon TRIM5a SPRY domain in its anti-HIV-2 activity. A
chimeric TRIM5a containing the entire baboon SPRY domain showed weak anti-HIV-2 activity. This
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TRIMSo attenuation of activity was caused by a single serine-to-proline substitution in baboon TRIM5« V2. These
Human immunodeficiency virus findings indicate that the combination of V1 with other variable regions of SPRY is important in anti-HIV-2
Baboon activity of primate TRIM5a.
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Introduction

Human immunodeficiency virus type 1 (HIV-1) has a very narrow
host range limited to humans, chimpanzees, gibbons, and pig-tailed
monkeys in vivo (Lusso et al., 1988; Arthur et al., 1989; Agy et al., 1992),
and gorillas in vitro (Locher et al., 1996). Previous experiments have
demonstrated that Old World monkeys (OWM) such as rhesus and
cynomolgus monkeys are not sensitive to HIV-1 infection. This block is
partly explained by the presence of tripartite motif 5 (TRIM5a)
(Stremlau et al, 2004) in cells of those monkeys. Rhesus and
cynomolgus monkey TRIM5a restricts HIV-1 infection but not simian
immunodeficiency virus isolated from macaque {(SIVmac) (Stremlau et
al., 2004; Nakayama et al., 2005). In contrast, human TRIM5¢ fails to
restrict those viruses, but potently restricts N-tropic murine leukemia
viruses (N-MLV) (Hatziioannou et al,, 2004; Kecksova et al., 2004; Yap
et al,, 2004). Unlike human and other OWM, pig-tailed monkeys lack
expression of TRIM5a, whereas express TRIM56 and TRIM5m lacking
anti-HIV-1 activity (Brennan et al., 2007). TRIM5«a shares with other
splicing variants a common amino-terminal TRIM motif, comprising
RING, B-box and coiled-coil domains {which is called RBCC domain),
and encodes a unique SPRY (B30.2) domain (Reymond et al., 2001).
Studies on recombinant TRIM5ais between human and rhesus monkey
have shown that the determinant of the species specificity resides in
the SPRY domain (Perez-Caballero et al., 2005; Sawyer et al., 2005).
Studies on recombinant TRIMS5as between African green monkey
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(AGM) and cynomolgus monkey demonstrated that 17-amino acid
residues and adjacent AGM-specific 20-amino acid duplication in the
SPRY domain determined species-specific restriction of SIVmac
(Nakayama et al., 2005), Similarly, a study comparing orangutan and
gorilla TRIM5« also showed that the amino acid residues at the 385th
and 389th positions in the SPRY domain of orangutan TRIM5a are
important for inhibiting HIV-1 and SIVmac (Ohkura et al., 2006).
Furthermore, by comparing human and rhesus monkey TRIM5«
restriction of N-MLV, the amino acid residues of human TRIM5« at
the 409th and 410th positions in the SPRY domain are found to be
important for inhibiting N-MLV (Peron et al,, 2006). Interestingly, a
study comparing human and rhesus monkey TRIM5a showed that a
single arginine to proline (P) change at the 332nd position in the SPRY
domain of human TRIM5a conferred potent restriction of not only HIV-
1 but also SIVmac239 (Stremlau et al.,, 2005; Yap et al., 2005).
Human immunodeficiency virus type 2 (HIV-2) has a genome
similar to that of SIVmac (Hahn et al,, 2000), which is not restricted by
rhesus monkey and cynomolgus monkey TRIM5a. We previously
evaluated the ability of cynomolgus monkey TRIM5x to restrict eight
different HIV-2 isolates and found that it could restrict viruses carrying
P at the 119th or 120th position of the capsid protein (CA), whereas it
failed to restrict those with either alanine or glutamine (Song et al,,
2007). HIV-2 GH123 strain has P at the 120th position of CA and was
restricted by cynomolgus monkey TRIM5«a while its mutant HIV-2
GH123/Q carrying glutamine was not restricted. Subsequently, we
found that rhesus monkey TRIM5a showed broad spectrum of HIV-2
restriction and could restrict HIV-2 strains that were not restricted by
cynomolgus monkey TRIM5a (Kono et al., 2008). The variable region 1
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(V1) of the SPRY domain of rhesus monkey TRIM5« appeared to be a
determinant for this restriction, since a chimeric TRIM5a containing
cynomolgus monkey V1 in the background of rhesus monkey TRIM5a
could not restrict HIV-2 GH123/Q, while a chimeric TRIM5a contain-
ing rhesus monkey V1 in the background of cynomolgus monkey
could (Kono et al., 2008). On the other hand, we found that a
chimeric TRIM5a containing baboon V1 in the background of
cynomolgus monkey TRIM5a could restrict both HIV-2 GH123 and
HIV-2 GH123/Q, despite the fact that baboons are sensitive to HIV-2
infection (Barnett et al., 1994; Locher et al., 1998, 2001). One possible
explanation for this discrepancy is that variable region 2 or 3 (V2 or
V3) of SPRY domain also contributes to anti-HIV-2 activity. In the
study presented here, we examined the contribution of V2 and V3 of
baboon TRIM5c SPRY domain to anti-HIV-2 activity and found that a
single amino acid in V2 affects its restriction activity against HIV-2.

Results

Variable region 2 (V2) of baboon TRIM5a SPRY (B30.2) domain weakens
anti-HIV-2 activity

In our previous study, we constructed a recombinant Sendai virus
(SeV) expressing chimeric TRIM5a between cynomolgus monkey

TRIM5«a and baboon TRIM5a by using Sph 1 and BamH 1 restriction
enzyme digestion. As can be seen in Fig. 1, the N-terminal fragment
contains RING, B-box2, and coiled-coil domains, the central fragment
contains V1 of the SPRY domain, and the C-terminal fragment contains
V2 and V3 of the SPRY domains. In that study, we reported a chimeric
TRIM5« containing baboon V1 in the background of cynomolgus
monkey (2B2, but renamed CBC in this study) (Fig. 2A) could restrict
HIV-2 GH123/Q, which was not restricted by cynomolgus monkey
TRIM5a. To examine anti-HIV-2 activity of TRIM5a containing the
entire baboon SPRY domain, we constructed a recombinant SeV
expressing a chimeric TRIM5« containing V1, V2, and V3 of the SPRY
domain of baboon TRIM5a (CBB) (Fig. 2A). Western blot analysis
using an antibody against hemagglutinin (HA) tag showed that CBB
chimeric TRIMSa was expressed in recombinant SeV infected human
T-cell line MT4 cells at levels similar to those of rhesus and
cynomolgus monkey TRIM5ais and CBC chimeric TRIM5a (Fig. 2B).
Those TRIM5as were tested for their ability to restrict X4-tropic HIV-1
strain NL43 and HIV-2 strains GH123 and GH123/Q, MT4 cells infected
with recombinant SeV expressing each of the TRIM5as were then
superinfected with HIV-1 N143, HIV-2 GH123, or HIV-2 GH123/Q. We
used SeV expressing cynomolgus monkey TRIM5a lacking the SPRY
domain, CM SPRY(—) TRIM5q, as a negative control for functional
TRIM5a. Both CBC and CBB chimeric TRIMS5ais as well as rhesus

RING domain
CM 1 MASGILLNVKEEVTCPICLELLTEPLSLHCGHSFCQACITANHKKSMLYKEGERSCPVCR 60
Rh L e et e e e e 60
baboon b e e e e e P.iii e R.ovo i 60
B-box2 domain
CM 61 ISYQPENIQPNRHVANIVEKLREVKLSPEEGQKVDHCARHGEKLLLFCQEDSKVICWLCE 120
Rh L 120
baboon Bl e e e ettt i i e e e e e, 120
Coiled-coil domain
CM 121 RSQEHRGHHTFLMEEVAQEYHVKLQTALEMLRQKQQEAEKLEADIREEKASWKIQIDHDK 180
Rh 0 3 PN Y.. 180
Baboon 12 i e e e e e e e e e e Y.. 180
CM 181 TNVLADFEQLREILDREESNELONLEKEKEDILKSLTKSETKMVQQTQYVRELISDLEHR 240
Rh 181 ...8.. ... We oo E. e E....... M..... E.... 240
baboon 181 ...S........... Weooo oo, E.. oo, E....... | 240
CM 241 LQGSMMELLQGVDGIIKRIENMTLKKPKTFHKNQRRVFRAPDLKGMLDMFRELTDARRYW 300
Rh 241 ...... ) Y 300
b oT=¥ T Yo 3 « WD S 1R V.... 300
W Sph Variable region 1
CM 301 VDVTLAPNNISHAVIAEDKRQVSSRNPQIVYQSPGTLF--QSLTNFNYCTGVLGSQSITS 358
Rh 301 ...... R M..A..... TEP. ottt 360
baboon 301 ... ... ... .. e e T..A..... SFP. . . i i 360
BamH |} Variable region 2
CM 359 GKHYWEVDVSKKSAWILGVCAGF AMCNIEQNENYQPKYGYWVIGLQEGVKYSVFQDG 418
Rh 361 i Y 420
baboon 361 ....... .. e Y e e e e, 420
_ Variable region 3 _ SPRY (B30.2) domain
CM 419 SLHTPFAPFIVPLSVIICPDRVGVFVDYEACTVSFFNITNHGFLIYKFSQCSFSKPVFPY 478
Rh L 480
0T o Ta Yo« SRR 5 R L 480
M 479 LNPRKCTVPMTLCSPSS 485
Rh 481 ... .o 497
baboon 481 ................. 4397

Fig. 1. Alignments of amino acid sequence of cynomoigus monkey {CM), rhesus monkey (Rh), and baboon TRIM5as. The RING, B-box2, coiled-coil and SPRY (B30.2) domains are
indicated by labeled bars over the sequences. Variable regions 1, 2, and 3 are indicated by a broken bar over the sequence. Inverted triangles denote Sph | and BamH [ restriction
enzyme site, respectively. Dots denote the amino acid residues identical to one of the cynomolgus monkey TRIM5acs and dashes denote a lack of amino acid residue that is presentin
rhesus monkey and baboon TRIMS5as. The box marks the amino acid residue that affects anti-HIV-2 activity of TRIM5« (see Results).
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A Inhibition
MT4 CEM-SS
Sphi  BamH1 HIV-T  HIV-2  HIV2 HIV-2  HIV2
NL43 GH123 GH123/Q GH123 GH123/Q
385
111 (Rh) | s |HA 4+ 4+ 4+ ++ ++
383
222 (CM) ++ ++ - ++ -
2B2 (CBC) ++ +4** ++ +
RBR ++ 4+ ++
cBB ++ o+t + + -
CBB P385S F++ ++ ++ +
Rhs385P | P |HA T
CM $383P +4+* -
BBB [ B s[P JHA + -
385
BBB P385S | B Bls  |HA ++ +
B

Actin

Fig. 2. (A) Schematic representation of chimeric and mutant TRIMSas, and summary of the results. White and grey bars denote rhesus monkey (Rh) and cynomolgus monkey (CM)
sequences, respectively. B denotes a baboon sequence. The amino acid at the 385th or 383rd position in V2 of the SPRY domain is indicated in the construct. +++, ++, -+, and —
denote more than 1000-fold, 100- to 1000-fold, 8- to 100-fold, and less than 8-fold suppression of virus growth, respectively, compared with the negative control on day 6. * denotes
that anti-HIV-2 activity is slightly weaker than that of wild type CM TRIMSc. ** denotes that anti-HIV-2 GH123/Qactivity of 2B2 (CBC) TRIM5ax was assigned as +-+-+ in our previous
report (Kono et al,, 2008), but it was assigned as -+ + in the present study. Because the CBC TRIM5a suppressed HIV-2 GH123/Q approximately 1000-fold, a slight difference among
experiments caused fluctuation of assignment. However, the order of anti-HIV-2 GH123/Q activity is fairly constant among different experiments (rhesus monkey TRIM5a is the most
potent and CBC is the next). (B) Twenty-four hours after Sendai virus (SeV) infection, TRIM5a protein in lysates of MT4 cells infected with recombinant SeV expressing 111 (Rh), 222
(CM), 2B2 (CBC). CBB, CBB P385S, Rh $385P, or CM S383P TRIMS5ax were visualized by Western blotting with an antibody against HA tag.

monkey and cynomolgus monkey TRIM5as almost completely
restricted HIV-1 NL43 (data not shown) and HIV-2 GH123 (Fig. 3A

anti-HIV-2 GH123/Q activity of (BB chimeric TRIM5cx was weaker
than that of CBC chimeric TRIM5a.

left). In the case of HIV-2 GH123/Q (Fig. 3A right), rhesus monkey
TRIM5a but not cynomolgus monkey TRIMS5a restricted the virus
growth as previously described (Kono et al., 2008). HIV-2 GH123/Q
was restricted potently by CBC chimeric TRIM5a, although the virus
grew at higher titer than in cells expressing rhesus monkey TRIM5a
{(p<0.0005, t-test, n=8), confirming the importance of V1 sequence
of rhesus monkey TRIM5a to restrict HIV-2 GH123/Q (Kono et al.,
2008). On the other hand, this virus was only moderately restricted by
CBB chimeric TRIM5a, since the virus attained clearly higher titers in
cells expressing CBB chimeric TRIM5a than in those expressing CBC
chimeric TRIM5a (p<0.0005, t-test, n==6). This indicates that the

We further observed that rhesus monkey chimeric TRIM5a
containing baboon V1 (RBR) restricted HIV-2 GH123/Q replication
to the same extent as CBC chimeric TRIM5a did (Fig. 3B right). The
difference between CBB and RBR chimeric TRIMSas in the SPRY
domain was detected only at the 385th amino acid residue in V2,
where baboon TRIM5« carries P and rhesus monkey TRIM5a carries
serine (S) (Fig. 1 box). CBC chimeric TRIM5a also carries S at the 385th
position, These results thus strongly suggest that the amino acid
residue at the 385th position of TRIM5a affects its restriction activity
against HIV-2 GH123/Q infection. To confirm this hypothesis, we also
constructed an SeV expressing mutant CBB TRIM5a in which amino

Fig. 3. (A) MT4 cells were infected with recombinant SeV expressing CBC (m), CBB (1), 111 (Rh) (@), 222 (CM) (O), or CM SPRY(~) (*) TRIM5a. (B) MT4 cells were infected with
recombinant SeV expressing CBC (®), RBR (A), 111 {Rh) (#), 222 (CM) (O), or CM SPRY(—) (*) TRIM5a. (C) MT4 cells were infected with recombinant SeV expressing CBC (), CBB
(03), CBB P385S (@), or CM SPRY(—) (*) TRIM5c. (D) MT4 cells were infected with recombinant SeV expressing Rh (#), Rh S385P (0), CM (@), CM S383P (O), or CM SPRY(~) (*)
TRIMSq. Nine hours after infection, cells were superinfected with HIV-2 GH123 (A-D, left) or HIV-2 GH123/Q viruses {(A-D, right). Culture supernatants were separately assayed for
levels of p25 from HIV-2. Error bars show actual fluctuations between levels of p25 in duplicate samples. A representative of two or three independent experiments is shown.
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