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Fig. 2. Functional characterization of the SEC14L1a derivatives, (A) Detection of stable expression of FL, CTD1, and CTD2 in MT-4 cells by Western blotting using anti-FLAG
antibody. FL was detected by the immunoprecipitation (IP) assay using agarose beads conjugated with anti-FLAG antibody. The flow cytometric analysis of the cell surface
expression of HIV-1 receptors CD4 and CXCR4 in MT-4 cells stably expressing GFP, FL, CTD1, and CTD2. (C) Constitutive expression of CTD1 and CTD2 limited the replication
of HIV-1 in MT-4 cells. The concentration of viral p24“* antigen in the culture supernatant was measured at 4 d post-infection. The results represent the average of seven
independent experiments + the standard error of the mean. The reduction of viral p24“* concentration relative to GFP was shown on the top. Asterisks indicate the statistical
significance compared to GFP (P<0.05 by two-tailed Student’s t-test). (D) The PCR-based assay to examine the effect of SEC14L1a derivatives on the early phase of viral life
cycle (top two panels) and the transcription from LTR promoter (bottom two panels). The HIV-1 entry efficiency was examined by Alu-LTR PCR. Beta globin was used as
an internal control. The HIV-1 transcription efficiency was examined by RT-PCR targeting spliced viral mRNA. Cyclophilin A was used as a control. The expected length of
each PCR amplicon was indicated. (E) The effect of SEC14L1a derivatives on the HIV-1 production. The 293T cells grown in a well of a 6-well plate were transfected with
200 ng of HIV-1 proviral DNA and 2 jug of expression vector for GFPf, FL, CTD1, or CTD2. The culture supernatant was recovered at 2 d post-transfection and the p24¢A
concentration was measured. The representative data from five independent experiments was shown. The results indicate the average + the standard deviation. The relative
p24 concentration compared to GFPf was shown on the top. Asterisks indicate the statistical significance compared to GFPf (P<0.001 by two-tailed Student’s t-test). The
Env incorporation onto the virus-like particles (VLP) produced by 293T cells expressing SEC14L1a derivatives. The 293T cells grown in a well of a 6-well plate were transfected
with 1 jug of gag-pol (pPCMVR8.91) and Env (plilex) expression vectors along with 2 g of expression vector for GFPf, FL, CTD1, or CTD2. The cell lysates (Cell) and VLP fractions
(Virus) were subjected to Western blot analysis detecting gp120 and p24° harvested at 2 d post-transfection. The Env incorporation levels normalized to p24 relative to
GFPf were shown at the bottom.

G-pseudotyped HIV-1 vector, and the cellular genomic DNA was Alu-LTR PCR, these data suggest that viral transcription is not inhib-
recovered at 4 d post-infection. The amount of Alu-LTR PCR prod- ited by any of the SEC14L1a derivatives, and that the action point of
ucts from FL-, CTD1-, or CTD2-expressing MT-4 cells was almost CTD1 and CTD2 should be at post-transcriptional levels of the viral
equal to that from GFP-expressing cells, suggesting that the early production phase.

phase of the viral life cycle is not inhibited by any of the SEC14L1a Next, the FL, CTD1, or CTD2 expression vector was co-
derivatives (Fig. 2D). To examine the viral production phase, we transfected with HIV-1 proviral DNA into 293T cells, and viral
examined the LTR-driven viral gene transcription by RT-PCR. Cel- production was quantified by p24©A ELISA. The FLAG-tagged GFP
lular RNA was extracted from the same MT-4 cells infected with (GFPf) was used as a control hereafter. We found that the FL expres-
VSV-G-pseudotyped HIV-1 vector, and RT-PCR was conducted to sion significantly reduced the production of HIV-1(44.2%, P<0.001,
amplify LTR promoter-driven spliced HIV-1 mRNA. The amount of two-tailed Student’s t-test) compared to the GFPf control (Fig. 2E).
viral RNA expressed in FL-, CTD1-, or CTD2-expressing cells was In contrast, the CTD1 enhanced the production of HIV-1 (145.9%,
not lower than that in GFP-expressing cells when the levels of the P<0.001, two-tailed Student’s t-test; Fig. 2E). However, CTD2 did
internal control was taken into account (Fig. 2D). Given that the not measurably affect the HIV-1 production (105.1%, not statisti-
similar number of viral genome was integrated as indicated by the cally significant; Fig. 2E). As the ELISA assay examines the effect
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of CTDs on Gag functions, we next tested the functional interac-
tion between CTDs and Env. The Env incorporation onto the virion
was examined by tripartite-transfection of expression vectors for
Env, gag-pol, and SEC14L1a derivatives into 293T cells, and the VLP
was collected by centrifugation. The immunoblotting against gp120
was performed on the cell lysate and the VLP fraction. The cellu-
lar Env and Gag expressions were not detectably affected by any
of the SEC14L1a derivatives (Fig. 2F, left panel). The Env incorpo-
ration onto the VLP was slightly enhanced by FL (157%; Fig. 2F,
right panel). In contrast, the VLP produced from CTD1- or CTD2-
expressing cells incorporated substantially fewer Env than those
from GFPf-expressing cells (59% or 54%, respectively; Fig. 2F, right
panel). These data were reproducible in independently performed
experiments. The densitometric analysis of Western blot image
showed that the average + the standard error of the mean of Env
incorporation onto the virion was 129.7 +39.9%, 54.8 +24.7%, and
25.5 +10.3% for FL, CTD1, and CTD2 compared to GFPf, respectively
(3-4 independent experiments). The Env-mediated cell-to-cell
fusion assay indicated that SEC14L1a derivatives did not limit the
cell surface targeting and function of Env (data not shown). In addi-
tion, the Gag processing in virion was unaffected by any of the
SEC14L1a derivatives (data not shown). Collectively, these data
suggest that the HIV-1 replication is inhibited by CTD1 and CTD2
due to the inefficient Env incorporation onto the virion. To test this
possibility, we infected fresh MT-4 cells with the equal amount of
HIV-1 propagated in CTD1- or CTD2-expressing MT-4 cells (1-2ng
p24©A), and the viral replication was monitored at 3-4 days post-
infection by measuring the p24“* concentration. The infectivity of
HIV-1 propagated in CTD1- or CTD2-expressing cells was attenu-
ated to 83.1+£17.9% or 82.4+5.5% relative to the virus recovered
from GFP-expressing cells, respectively (the average + the standard
error of the mean of 3 independent experiments). Altogether, these
data suggest that the inhibition of HIV-1 replication by CTD1 and
CTD2 is attributed to the attenuation of viral infectivity by lowering
the Env incorporation onto the virion.

4. Discussion

In the present study, we provide the first evidence that the C-
terminal fragment of SEC14L1a functions as an inhibitor of HIV-1
replication. The advantage of this system is that, since MT-4 cells
are stably transduced with a cDNA library, the anti-HIV-1 function
of a candidate gene is not due to a perturbed cell physiology. This
system has been successful in identifying CD14, CD63, and Brd4-
CTD as regulators of HIV-1 replication [1,3,4], and more candidates
are being analyzed. Among the candidates, SEC14L1a CTD appeared
to be one of the relatively modest inhibitors of HIV-1 replication.
However, of note, the SEC14L1a derivatives have not been identi-
fied in other genetic screening systems. These facts point that our
T cell-based system is sensitive in detecting the modest anti-HIV-
1 activity of a gene, and is a unique tool in the pursuit of HIV-1
regulatory factors to complete the HIV-1-host interactome.

SEC14L1a may affect the Golgi-mediated vesicular trafficking
since SEC14L1a lowers the cell surface levels of cholinergic trans-
porters [23]. However, we do not have any data to suggest that
SEC14L1a and its derivatives affect the cell surface targeting of
membrane proteins including CD4, CXCR4 and Env. These data sug-
gest that SEC14L1a’s effect on cholinergic receptor expression is
specific, and that the CTD's ability to inhibit HIV-1 replication is
independent from SEC14L1a's regulatory functions on vesicular
trafficking. The action point of CTD1 and CTD2 was shown to be
the late phase of the viral life cycle. Given that CTD1 and CTD2
did not inhibit the biogenesis and the cell surface targeting of Gag
and Env, the major mechanism of CTD1 and CTD2 to inhibit HIV-1
replication was to reduce the infectivity of HIV-1 by limiting the
Env incorporation onto the virion. Consistent with this idea, the

viral infectivity of virions produced in CTDs-expressing cells was
attenuated. Then, how do CTDs block the Env incorporation onto
the virion? We detected a weak interaction between Gag and CTD1
or CTD2 by immuno-coprecipitation analysis. Thus, we speculate
that the interaction between Env and Gag at the plasma membrane
is interfered by Gag-CTDs interaction, resulting in the reduction of
Env incorporation onto the virion.

The CTD1 was an inhibitor of HIV-1 replication. While the CTD1
negatively affected the Env incorporation onto the virion, it pos-
itively affected the HIV-1 production. These observations may be
seemingly controversial. However, the SEC14L1a derivatives’ effect
on HIV-1 replication is a summation of their effects of on each step
of the viral life cycle. Therefore, it is conceivable that CTD1 can
serve as a negative regulator of HIV-1 replication as well as a posi-
tive and negative factor on distinct steps of the viral life cycle. These
seemingly controversial findings may be in part due to the cells in
which the biological functions of SEC14L1a derivatives were exam-
ined. The effect of SEC14L1a derivatives on HIV-1 replication was
investigated in MT-4 cells, whereas those on the HIV-1 production
and Env incorporation onto the virion were examined in 293T cells.
Although the basic biological features are largely shared among dif-
ferent cell types, it is possible that the SEC14L1a derivatives may
function slightly differently in MT-4 cells from 293T cells given that
the intracellular distribution of SEC14L1a derivatives in MT-4 cells
was not identical to that in 293T cells (Fig. 1E and 1F).

Elucidating the molecular mechanism underlying CTDs’ activity
notonly provides a hint to understand how the HIV-1 virion actively
uptakes Env through the Gag-Env interaction, but also leads to the
development of a novel anti-retroviral drug that lowers the infec-
tivity of the virus by preventing Env incorporation onto the virion.
This is the strength of our T cell-based assay since CTDs inhibit
HIV-1 replication specifically. In the previous study, we proposed
that a small portion of Brd4 may serve as a therapeutic molec-
ular target for HIV-1 infection, since the constitutive expression
of Brd4-CTD limited HIV-1 replication specifically [3], akin to the
SEC14L1a CTDs. However, it remains to be examined whether the
SEC14L1a and Brd4 derivatives inhibit HIV-1 replication in primary
HIV-1 target cells.

The genome-wide screening has potential caveats, including a
cDNA bias and a cell line bias. A ¢cDNA library is not a perfect rep-
resentation of mRNA expressed in the cells from which the library
is constructed. For example, the longer the mRNA, the less effi-
ciently the full-length cDNA is synthesized. In fact, we isolated
Brd4-CTD from the PBL cDNA library as a potent inhibitor of HIV-
1 replication [3]. However, although Brd4 (approximately 5000 nt
mRNA in length) is expressed in MT-4 cells, we were unable to
recover Brd4-CTD from the MT-4 cDNA library [3]. This clearly
demonstrates the cDNA bias in the genetic screening. A cDNA
library derived from non-T cells does not contain genes specifi-
cally expressed in T cells. Thus, we have to explore many more
cDNA libraries to completely cover the genetic diversity of human
cells. The cDNA libraries isolated from long-term non-progressors
of HIV-1-seropositive individuals or from elite controllers might
be of particular interest, considering that a dominant innate HIV-
1 resistance gene, such as CCR5 delta 32, may partly account for
the slow progression of AIDS. Similarly, use of a particular cell line
and/or virus strain may bias the results. MT-4 cells are positive
for HTLV-1, and are able to support robust HIV-1 replication. MT-
4 cells do not express CCR5, and are unable to support R5-tropic
HIV-1 strains. What if other T cell lines and R5-tropic viral strains
are used? What if we assay the same cDNA library in TZM-bl cells?
We plan to address these issues in the future studies.

In conclusion, genome-wide genetic screening is a powerful
tool for identifying the regulatory factors of HIV-1 replication and
innate HIV-1 resistance factors that limit HIV-1 infection and AIDS
progression. The HIV-1-host interactome should also reveal poten-
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tial therapeutic molecular targets that may be used to develop
novel anti-AIDS drugs to tackle the emerging drug resistant viruses.
However, the fact that different experimental systems often yield
non-overlapping candidates suggests that we have to explore more
experimental systems to fully understand the HIV-1-host inter-
actome. Our T cell-based system provides an alternative tool for
identifying novel HIV-1 regulatory factors, and should help us
understand the HIV-1-host interaction in more detail.
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The oncogenic human herpes virus, the Epstein-Barr virus (EBV),
expresses EBNA1 in almost all forms of viral latency. EBNA1 plays a
major role in the maintenance of the viral genome and in the
transactivation of viral transforming genes, including EBNA2 and
latent membrane protein (LMP-1). However, it is unknown
whether inhibition of EBNA1 from the onset of EBV infection dis-
rupts the establishment of EBV’s latency and transactivation of the
viral oncogenes. To address this, we measured EBV infection kinet-
ics in the B cell lines BALL-1 and BJAB, which stably express a domi-
nant-negative EBNA1 (dnE1) fused to green fluorescent protein
(GFP). The EBV genome was surprisingly unstable 1 week post-
infection: the average loss rate of EBV DNA from GFP- and GFP-
dnE1-expressing cells was 53.4% and 41.0% per cell generation,
respectively, which was substantially higher than that of an ‘estab-
lished’ oriP replicon (2-4%). GFP-dnE1 did not accelerate loss of
the EBV genome, suggesting that EBNA1-dependent licensing
of the EBV genome occurs infrequently during the acute phase of
EBV infection. In the subacute phase, establishment of EBV latency
was completely blocked in GFP-dnE1-expressing cells. In contrast,
C/W promoter-driven transcription was strongly restricted in GFP-
dnE1-expressing cells at 2 days post-infection. These data suggest
that inhibition of EBNA1 from the onset of EBV infection is effec-
tive in blocking the positive feedback loop in the transactivation
of viral transforming genes, and in eradicating the EBV genome
during the subacute phase. Our results suggest that gene trans-
duction of GFP-dnE1 could be a promising therapeutic and prophy-
lactic approach toward EBV-associated malignancies. (Cancer Sci
2010; 101: 876-881)

he Epstein—-Barr virus (EBV) is a risk factor in several

malignant diseases including Burkitt’s lymphoma and
nasopharyngeal carcinoma.”’ ™ The opportunistic B-cell lym-
phoma is becoming the major cause of death in AIDS patients in
an era of highly active antiretroviral therapy (HAART), and
EBV is associated with a significant portion of AIDS lymphoma
cases.®® Neither an EBV vaccine, nor specific antiviral agents
against EBV are available; thus attention should be paid to the
development of therapeutic agents against EBV.

EBV-encoded genes including EBNAI, EBNA2, and latent
membrane protein (LMP-1) are potential molecular targets for
the treatment of EBV-associated lymphomas because they play
central roles in the process of malignant transformation.”” We
are interested in EBNA1 since it contributes to EBV oncogene-
sis in two ways: it supports the maintenance of the EBV genome
in cis and enhances expression of viral oncogenes, including
EBNA?2 and LMP-1, in trans.”® EBNAI exerts its biological
functions by binding to its cognate binding sites within the

Cancer Sci | April2010 | vol. 101 | no.4 | 876-881

family of repeats (FR) and the dyad symmetry element (DS)
located within the origin of replication (oriP) of EBV DNA.
EBNALI interacts with FR to enhance transcription from the viral
C/W promoters (C/Wp) and to partition EBV DNA to daughter
cells; and with DS to initiate DNA replication. ™

Maintenance of the oriP replicon is stable once EBV latency
has been established. The loss rate of established oriP plasmids
is estimated at 2-4% per cell generation."'®!" Interestingly, the
loss rate of the oriP replicon is significantly higher in cells tran-
siently transduced with oriP glasmids (>25% per cell genera-
tion) than in established cells."'® In primary B cells, EBV DNA
is lost rapidly within 2 days post-infection (~98.9%)."'" How-
ever, the loss rate of the EBV genome during a week post-infec-
tion in B cells remains to be quantified.

Upon EBV infection, the first viral genes expressed are the
transactivators EBNA2 and EBNA-LP transcribed from Wp sev-
eral hours after infection.” EBNA2 binds to the EBNA2-
responsive elements and, in cooperation with EBNA-LP,
enhances transcription from Cp, which leads to expression of all
EBNA proteins, including EBNA1. EBNAI1 binding to oriP acti-
vates C/Wp to boost viral latent gene expression, including the
EBNAs and LMP-1. The viral gene transactivation positive
feedback loop is established within a few days post-infection,
and EBNAL1 is one of the key factors that sustain this feedback
loop during the acute phase of EBV infection."* In parallel,
EBNAL contributes to the establishment of the EBV genome as
a licensed replicon. It may be possible to stop EBV infection by
breaking the chain of EBNAl-dependent events and thus the
EBV-mediated malignant transformation of infected cells. Previ-
ous studies have assessed the therapeutic potential of a domi-
nant-negative derivative of EBNA1 (dnEl) in cells in which
EBV latency was already established.!'*'® In this study, we
critically assessed whether inhibition of EBNAI limits the early
stage of EBV infection in B cells. We provide evidence that
expression of dnEl strongly blocks the expression of virus-
encoded oncogenes in acutely infected cells without accelerating
EBV genome loss, and disrupts EBV latency in the subacute
phase of EBV infection.

Materials and Methods

Cells. The 293T, EBV-negative Burkitt lymphoma cell line
BIJAB, EBV-positive Burkitt lymphoma cell line Daudi, EBV-
transformed healthy donor-derived B lymphoblastoid cell line
(B-LCL), and B acute lymphoblastic leukemia cell line BALL-1
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cells (kindly provided by Dr. Yokota, National Institute of
Infectious Diseases, Tokyo, Japan) were maintained in RPMI-
1640 medium (Sigma, St. Louis, MA, USA) supplemented with
10% fetal bovine serum (Japan Bioserum, Tokyo, Japan),
50 U/mL  penicillin, 50 pg/mL  streptomycin (Invitrogen,
Tokyo, Japan), and incubated at 37°C in a humidified 5% CO,
atmosphere.

Plasmids. The following primers were used to amplify dnEl
from p1160"” by PCR: 5-ACCGGTCTCGAGCAATTGCCA-
CCATGCGGGGTCAGGGTGATGGAGG-3" and 5-GGATC-
CTCGAGCGGCCGCTCACTCCTGCCCTTCCTCACC-3". The
GFP-dnE1 expression vector (pGD) was constructed by cloning
the Mfel-Xhol fragment of the PCR product into the BgllI-Sall
sites of pEGFP-C1 (Clontech, Palo Alto, CA, USA). The Mfel
and Bglll sites were blunted with T7 RNA polymerase. The
Agel-BamHI fragment from pGD was cloned into the corre-
sponding restriction sites of pCMMP eGFP">!® (o generate
pCMMP GFP-dnEl. The EBNA1 expression vector p1553, the
FR-tk-luciferase reporter p985, and pLuciferase (pCMV-luc)
have been described previously.t! 7%

Luciferase assay. The 293T cells, grown in 48-well plates,
were co-transfected with the indicated plasmids using Lipofecta-
mine 2000 according to the manufacturer’s protocol (Invitrogen,
Tokyo, Japan). Cells were replated in 96-well plates in triplicate
at 2 h post-transfection. Luciferase activity was measured 48 h
after transfection using the Steady-Glo Kit (Promega, Madison,
WI, USA).

Murine leukemia virus (MLV) vector infection and cell
sorting. MLV vectors were produced as described previ-
ously."® B cells (1 x 107 cells) were incubated with 2 mL of
MLV preparation overnight at 4°C with continuous agitation.
GFP-positive cells were collected using a FACS sorter (FACS
Vantage; Becton Dickinson, San Jose, CA, USA) at 11 days
post-infection.

Western blotting. Western blotting was performed as
described previously.”?'?® The following reagents were used:
anti-GFP (MsX Green Fluorescent Protein; Chemicon, Temecu-
la, CA, USA) and Envision® Dual Link System-HRP (Dako,
Glostrup, Denmark).

EBV infection and nucleic acid extraction. The EBV B95-8
strain was a generous gift from Dr Fujiwara’s group at the
National Research Institute for Child and Development (Tokyo,
Japan). B cells (1 x 107 cells) were incubated with 100 pL of
B95-8 EBV for 1 h at 37°C, and genomic DNA was extracted
from half of the infected cells soon after infection (QIAamp
DNA Mini Kit; Qiagen, Tokyo, Japan). At 15 h post-infection,
half of the cells were washed once with PBS and incubated for
5 min in lysis buffer (10 mm Tris-HCI {pH7.4], 10 mm NaCl,
3 mm MgCl,, and 0.5% NP-40). The nuclear fraction was col-
lected by centrifugation for 5 min at 20.6 K x g (Kubota 3740;
Kubota, Tokyo, Japan), and high molecular weight DNA was
extracted (nuclear DNA). At 2 days post-infection and at later
time points, high molecular weight DNA, or total RNA (Pure-
Link Total RNA Blood Purification Kit; Invitrogen) was
extracted from 1 x 10% or 3 x 10° cells, respectively, according
to the manufacturer’s protocol. After EBV infection, 10 um aci-
clovir (Kayaku, Tokyo, Japan) was added to the culture medium.
The production and infection of the recombinant EBV Akata
strain carrying GFP and neomycin resistant genes has been
described previously.®® At 2 days post-infection, cells were
plated at a density of 1 x 10* cells per well in a flat-bottomed
96-well plate, and cultured in a medium containing 1 mg/mL
G418. The efficiency of EBV latency establishment was evalu-
ated as percentage of wells positive for the emergence of G418-
resistant cells at 2 to 3 weeks post-G418 selection.

Quantitative real-time PCR. Real-time PCR was performed as
described previousgy; serial dilutions of positive controls were
used as standards.*" Amplifications were performed using the
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QuantiTect SYBR Green RT-PCR/PCR Kit (Qiagen), and the
following primers: BamHI W repeat, 5-GCCAGAGG-
TAAGTGGACTTT-3" and 5-AGAAGCATGTATACTAAGC-
CTCCC-3; cyclophilin A (CYPA), 5-CACCGCCACCATG-
GTCAACCCCA-3" and 5-CCCGGGCCTCGAGCTTTCGAG-
TTGTCCACAGTCAGCAATGG-3"; C/Wp, 5-CCCTCGGA-
CAGCTCCTAAG-3" and 5-CTTCACTTCGGTCTCCCCTA-
3’; EBERI, 5-AAAACATGCGGACCACCAGC-3’ and 5’-AG-
GACCTACGCTGCCCTAGA-3". The B-globin primers were
described previously.*" Following PCR amplification, the
amplicons were separated in a 2% agarose gel, stained with
ethidium bromide, and imaged with a Typhoon scanner (GE
Healthcare Bio-Sciences; Piscataway, NJ, USA).

Results

Construction and functional verification of dnE1 fused to
GFP. The carboxy half of EBNALI serves as a functional domi-
nant-negative inhibitor of EBNAI that restricts the replication
and maintenance of oriP plasmids as well as the EBNAI-depen-
dent enhancement of transcription."”** We used a dnEl mutant
encompassing amino acids 377 to 391 (the nuclear localization
signal, NLS) and 451 to 641 (the DNA binding and dimerization
domain) of EBNAI (Fig. 1A)."'” To visualize the intracellular
distribution of dnEl, we constructed the retroviral expression
vector encoding GFP-dnEl. The expression of GFP-dnEl was
verified in transiently transfected 293T cells and stably trans-
duced B cell lines using an MLV vector. To verify the function
of GFP-dnEl, we conducted a reporter assay using a plasmid
encoding the FR-tk-luciferase cassette. EBNAI enhances
expression of FR-tk-luciferase by binding to FR. If the GFP-
dnEl construct retains dnEl function, co-expressing EBNAI
and GFP-dnE! should reduce reporter activity. Luciferase activ-
ity was increased significantly upon EBNA1 expression by
approximately 5.3-fold, consistent with previous findings
(Fig. 1B, P < 0.05, two-tailed Student’s r-test).'”” When GFP-
dnEl was co-expressed, the luciferase activity was decreased.
The decrease in luciferase activity was proportional to the
increase in GFP-dnEl expression vector (Fig. 1B, maximum
reduction: 22.3%, P < 0.05, two-tailed Student’s r-test). This
effect was not observed with GFP alone. In addition, CMV pro-
moter-driven luciferase expression was unaffected by EBNAI,
GFP-dnE1l, and GFP, suggesting that the reduction in luciferase
activity with GFP-dnE1 in the EBNA1/FR-tk-luciferase system
is specific. These data indicate that GFP-dnEl functions as an
inhibitor of EBNAL.

Establishment of B cells constitutively expressing GFP-
dnit. To investigate the potential effect of GFP-dnEl on EBV
infection in B cells, we established BALL-1 and BJAB cells,
which constitutively express GFP-dnEl, using an MLV vector.
GFP was used as a control throughout this study. The distribu-
tion of GFP-dnEl was examined by confocal microscopy, which
revealed an even distribution of GFP throughout the cell. In con-
trast, the majority of GFP-dnE1was localized to the nucleus due
to the presence of the NLS (Fig. 2A). Similar observations were
made in BJAB and 293T cells (data not shown). We sorted the
GFP- or GFP-dnE-expressing cells using a FACS sorter. To test
the dose-dependent effect, we collected BALL-1 cell popula-
tions bearing high or low levels of GFP fluorescence, denoted as
Hi and Lo, respectively. The expression of GFP and GFP-dnE1
was verified by Western blotting, which confirmed that GFP and
GFP-dnEl Hi cells had higher intensity signals than the GFP
and GFP-dnEl Lo cells (Fig. 2B). The rate of cell proliferation
and the morphology of GFP-dnEl cells were indistinguishable
from those of GFP cells (Fig. 2A and data not shown).

Effect of GFP-dnE1 on the nuclear translocation of EBV DNA
during the acute phase of EBV infection. To assess whether
GFP-dnEl could restrict the nuclear targeting of the EBV
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Construction and functional characterization of a dominant-negative EBNA1 mutant (dnE1) fused to green fluorescent protein (GFP). (A)

Structure of the EBNA1 protein and dnE1 used in this study. The linking regions (LR1 and LR2), the Gly-Gly-Ala repeat, the nuclear localization
signal (NLS), and the DNA binding and dimerization domain are shown. GFP-dnE1 encodes the NLS and DNA binding and dimerization domain
of EBNA1 fused to the C-terminus of GFP. (B) Repression of EBNA1-dependent transcriptional activation by GFP-dnE1. We transfected 2937 cells
in 48-well plates with 200 ng of FR-tk-luc or CMV-luc reporter, and 500 ng of EBNA1 expression vector, along with increasing amounts of GFP or
GFP-dnE1 expression vector (20, 100, and 500 ng, respectively). *P < 0.05, two-tailed Student’s t-test.
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Fig. 2. Verification of stable green fluorescent protein (GFP)-
dominant-negative EBNAT (dnE1) expression in BALL-1 cells. (A)
Distribution of GFP and GFP-dnE1 in BALL-1 cells was examined by
confocal microscopy. Cells were imaged unfixed using a confocal
microscope META 510 (Carl Zeiss, Tokyo, Japan). The green signal
represents GFP fluorescence, and blue represents the Hoechst-stained
nucleus. The bar represents 5 um; magnification, x630. (B) GFP or GFP-
dnE1 expression in stably transduced BALL-1 cells was examined by
Western blot analysis using an anti-GFP antibody. Protein lysates from
5x 10° cells were loaded for each sample, except GFP Hi cells
(5 x 10%. The molecular weight marker is shown on the right.

genome after infection, we measured the amount of EBV DNA
recovered from cells immediately after infection (representing
the amount of EBV attached to cells) and the amount of EBV
DNA that had migrated into the nucleus at 1 day post-infection.
We isolated the nuclear fraction to exclude EBV DNA that
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failed to enter the nucleus. The number of EBV DNA molecules
per cell was estimated by real-time PCR, which targeted the
BamHI W repeat, in 10 ng of genomic DNA. We estimated the
number of EBV DNA per cell given that a single cell contains
approximately 10 pg of genomic DNA, and an EBV DNA has
10 copies of BamHI W repeats on average. The nuclear target-
ing efficiencies of EBV DNA were as follows: BALL-1 GFP
cells, 43.3-108.6%; GFP-dnE1 cells, 46.9-65.6%; BJAB GFP
cells, 37.4%; GFP-dnE1 cells, 35.0% (Table 1). These data sug-
gested that the effect of GFP-dnEl on the nuclear targeting of
EBV DNA should be assessed more sensitively in BALL-1 and
BJAB cell systems than in primary B cells because the nuclear
targeting efficiency of EBV DNA in primary B cells is extre-
mely inefficient (~1.1%)."'® In our experimental systems, the
nuclear targeting efficiencies of EBV DNA in GFP-dnEl-
expressing cells were similar to those in GFP-expressing cells.
In addition, the dose-dependency of GFP-dnEl was not
observed in BALL-1 cells (Table 1). These data suggest that the
nuclear targeting efficiency of EBV DNA was not restricted by
the presence of GFP-dnEl in B cells upon EBV infection.

Effect of GFP-dnE1 on the rate of loss of EBV DNA during the
acute phase of EBV infection. To examine the effect of GFP-
dnEl on the rate of loss (ROL) of EBV DNA during the acute
phase of viral infection, we monitored the EBV DNA copy num-
ber from day 2 to day 5 or day 6 post-infection, by real-time
PCR, which detects the viral genome in both linear and circular
configurations (Table 1). The ROL was estimated as the per-
centage reduction of EBV DNA per cell generation, considering
that the cell doubling time is 24 h, and the kinetics of viral gen-
ome loss follows an exponential decay. The ROL in GFP-dnEl-
expressing cells (19.2-85.9% per cell generation) was similar to
GFP-expressing cells (20.5-79.4% per cell generation) in both
BALL-1 and BJAB cells. In addition, there was no detectable
dose-dependent effect of GFP-dnEl in BALL-1 cells (Table 1
and Fig. 3). The averages + SEs of ROL in GFP- and GFP-
dnEl-expressing cells from six independent measurements in
BALL-1 cells were 37.7 + 10.7% and 25.7 = 6.5% per cell gen-
eration, respectively (data not shown), which was substantially
higher than the rate of loss of an established oriP replicon (2-
4%).11D These results reflect the precipitous loss of oriP plas-
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Table 1. The kinetics of EBV DNA in the acute phase of EBV infection

Copy number of EBV DNA per cell at the

Cell indicated day+ Nuclear transport (%) Rate of loss of EBV DNA (% per cell generation§)
Expt 1
BALL-1 Day 0 Day 1 Day 2 Day 5
GFP Hi 20.38 11.92 3.57 0.01¢ 58.5 85.9
GFP Lo 17.26 11.68 3.21 0.56 67.7 44.1
GFP-dnE1 Hi 23.02 10.79 3.30 0.30 46.9 54.9
GFP-dnE1 Lo 18.83 12.36 1.46 0.53 65.6 28.7
BJAB Day 0 Day 1 Day 2 Day 5
GFP 155.1 58.8 5.38 0.06 37.4 77.7
GFP-dnE1 64.6 37.4 5.69 0.05 58.0 79.4
Expt 2
BALL-1 Day 0 Day 1 Day 2 Day 6
GFP Hi 16.33 17.73 11.10 4.74 108.6 19.2
GFP Lo 17.35 7.51 8.75 1.13 43.3 40.1
GFP-dnE1 Hi 18.46 8.71 8.95 3.38 47.2 21.6
GFP-dnE1 Lo 14.14 7.05 6.97 2.79 49.9 20.5

tNuclear DNA was used for day 1 data. +Estimated from day 0 and day 1 data. §Estimated from day 2 and day 5 or day 6 data with the
exponential decay. fBelow the limit of detection. dnE1, dominant-negative EBNA1; EBV, Epstein-Barr virus; GFP, green fluorescent protein.
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Fig. 3. Kinetics of Epstein-Barr virus (EBV) DNA loss during the acute
phase of EBV infection. (A) Representative data from BALL-1 cells
(Expt. 1 in Table 1) is shown. The filled squares, open squares, filled
circles, and open circles represent GFP Hi, GFP Lo, GFP-dnE1 Hi, and
GFP-dnE1 Lo, respectively. The limit of detection was below 0.01
(dashed line). The gray lines represent an approximation to the
exponential decay. The dashed gray line represents the 4% rate of
loss per cell generation. (B) Representative data from BJAB cells
shown in Table 1. The circles and squares represent GFP and GFP-
dnE1, respectively. Please see Table 1 for the detailed analysis.
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mids (26-37%) in transiently transfected non-B cells."'® The
data suggest that GFP-dnEl is unable to accelerate the ROL in
the acute phase of EBV infection in B cells, presumably because
the EBV genome is not established as an EBNA1-dependent sta-
ble licensed replicon. It should be noted that this is the first time
that quantitative ROL data has been obtained by introducing the
oriP replicon into B cells via EBV infection, which is an
approach that does not confer any selective advantage on the
infected cells.

Effect of GFP-dnE1 on efficiency of establishment of EBV
latency. Cells infected with recombinant EBV, carrying the
neomycin resistance gene, were seeded at 5 x 10° cells per well
into a 96-well plate, and the efficiency of the establishment of
EBV latency was assessed as the percentage of wells positive
for the emergence of G418-resistant cells. G418-resistant cells
appeared in BJAB, Daudi, parental BALL-1, and BALL-1 GFP
cells at 56-100% efficiencies. In sharp contrast, G418-resistant
cells were absent from GFP-dnEl-expressing BALL-1 cells
(Table 2). These data clearly suggest that, although the ROL
during the acute phase of EBV infection was not enhanced by
GFP-dnEl, GFP-dnEl was able to block the establishment of
EBV latency completely during the subacute phase of EBV
infection.

Effect of GFP-dnE1 on EBV-encoded latent gene expression.

EBV gene expression was tested at 2 days post-infection by
quantitative RT-PCR. We focused on the C/Wp activity
because it expresses key viral transactivators including
EBNAI, -2, -3s, and -LP to boost viral transforming gene
expression. We detected C/Wp-driven transcripts in GFP Hi
BALL-1 cells as expected. Conversely, C/Wp-driven tran-
scripts were undetectable in GFP-dnEl Hi and Lo BALL-1
cells, although these cells retained similar EBV DNA levels
to GFP-expressing cells (Fig. 4 and Table 3). The Cp-driven
transcript was under the limit of detection by RT-PCR, sug-
gesting that the Wp is predominantly activated at the earl
phase of EBV infection consistent with previous findings.”
Inhibition of viral gene transcription was not observed in the
RNA polymerase Ill-driven transcript EBER1,*> and cyclo-
philin A mRNA levels were similar between GFP- and GFP-
dnEl-expressing cells (Fig. 4 and Table 3). This indicates that
the effect of GFP-dnEl on C/Wp activity is specific, and
uncovers an active role of EBNAL in supporting transactiva-
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Table 2. The establishment efficiency of EBV latency

Cell Emergence of G418-resistant

cellst
BJAB 100% (6/6)
Daudi 100% (10/10)
BALL-1
Parental 56% (5/9)
GFP Hi 67% (2/3)
GFP-dnE1 Hi 0% (0/6)
GFP-dnE1 Lo 0% (0/6)

tPercentage of wells positive for G418-resistant cells over the number
of tested wells from 96-well plates indicated in the bracket. Shown
are the sum of two independent experiments. dnE1, dominant-
negative EBNA1; EBV, Epstein-Barr virus; GFP, green fluorescent
protein.
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Fig. 4. PCR-based analysis of Epstein—-Barr virus (EBV) gene

expression. The effect of green fluorescent protein (GFP)-dominant-
negative EBNA1 (dnE1) on the loss of EBV DNA (DNA PCR, upper
panels) and transcription of the C/W promoter-driven transcript
(C/Wp), EBER1, and cyclophilin A (CYPA; RT-PCR, lower panels) in
BALL-1 cells at 2 days post-infection were examined. EBV-transformed
B-lymphoblastoid cell line (B-LCL) and BJAB cells, denoted as EBV(+)
and EBV(~), were used as positive and negative controls for viral DNA
and RNA shown, respectively. B-Globin and CYPA were used as
controls.

Table 3. Quantification of EBV transcripts in BALL-1 cells by real-time
PCR at 2 days post-infection

BALL-1 W1/2 exon EBER1 CYPA
cells (copiest) (copiest) (copiest)
GFP Hi 2.2 2.8x 102 1.4 x 10°
Lo NT§ 0.8x 102 1.0 x 10°
GFP-dnE1 Hi BLDY 3.3 x 107 1.3 x10°
Lo BLDY 1.2 x 10° 1.5 x 10°

+Copies per 13-14 ng total cellular RNA. $Copies per 200 ng total
cellular RNA. §Not tested. §Below the limit of detection. CYPA,
cyclophilin A; dnE1, dominant-negative EBNA1; EBV, Epstein-Barr virus;
GFP, green fluorescent protein.

tion from C/Wp. Taken together, these results show that
inhibition of EBNAI functions strongly restricts EBV-
encoded transforming gene expression and, although there is
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no detectable effect on the ROL of EBV DNA at the acute
phase of viral infection, it blocks the establishment of EBV
latency during the subacute phase.

Discussion

This is the first report describing the effect of EBNA1 inhibition
from the onset of EBV infection in B cells. Unexpectedly, the
dnE1 was unable to accelerate the ROL during the acute phase
of EBV infection since dnE1 enhanced the loss of the oriP plas-
mid in the transient transfection assays.('“'" In the subacute
phase of EBV infection, the establishment of EBV latency was
potently blocked by dnEl. In addition, we observed a strong
repressive effect of dnEl on the EBNAI-dependent enhance-
ment of viral gene transcription from C/Wp during the early
phase of EBV infection, similar to the transient transfection
assays.'” These data suggest that viral oncogene expression
depends heavily on EBNA1 during the acute phase of viral
infection, and that EBNA1 contributes little to EBV genome
maintenance during this period. The results emphasize that an
EBNAL inhibitor should serve as an attenuator of viral oncogene
expression since activation of C/Wp is the ‘root’ event of the
positive feedback loop involved in the transactivation of viral
transforming gene expression. In this regard, the EBNA1 inhibi-
tion approach could be superior to LMP-1 or EBNA?2 inhibition.

If EBNAI binding to oriP is essential for both the enhance-
ment of viral gene transcription and for genome maintenance,
what mechanism prevents dnE1l from affecting the ROL during
the acute phase of EBV infection? It is likely that maintenance
of the oriP replicon immediately after its introduction into cells
is less efficient than in cells harboring an ‘established’ oriP rep-
licon as an autonomously replicating plasmid. The ROL of an
established oriP replicon is 2-4% per cell generation. !V In
contrast, our data from the EBV/B cell-based assay gave an
average ROL of 26-38% during the week post-infection (acute
phase of EBV infection). In agreement with our findings, it is
reported that a transiently transduced oriP replicon is lost from
cells at 26-37% per cell generation 1-2 weeks post-plasmid
transduction.'® These data indicate that maintenance of the oriP
replicon is largely EBNAl-independent immediately after
its introduction into cells, regardless of whether the route of
introduction is by transfection or EBV infection. In other words,
the establishment of EBV latency should be a rare epigenetic
event. The data also suggest that the artificial minichromosome
approach may be relevant in understanding EBV genome
behavior.'?

Our study suggests that gene therapy using GFP-dnEl is
an attractive approach, not only for therapeutics, but also for
prophylactic interventions of EBV-associated malignancies.
For example, in peripheral blood stem cell transplantation
(PBSCT), GFP-dnEl transduction into CD34% cells should
protect the differentiated B cells from EBV infection, thus
preventing the genesis of EBV-associated B cell lymphomas.
We will attempt to prove this hypothesis using a small ani-
mal model in future studies.®® Additionally, EBNA1 is a
potential molecular target for developing a small molecular-
weight EBV inhibitor as mentioned previously.!'*!'> The
advantages of EBNAIl-inhibitor development are that the bio-
logical assay system is already established and the X-ray
crystal structure of the DNA-bound EBNA1 DNA binding
and dimerization domain is known, which means that com-
puter-aided drug design technology can be immediately
applied. Although EBV is associated with various malignan-
cies, preventive and therapeutic measures against EBV infec-
tion have not been developed. We believe that an anti-EBV
agent, such as an EBNA1 inhibitor, would have an enormous
impact in the medical field due to the substantial number of
patients with EBV-associated malignancies.

doi: 10.1111/].1349-7006.2009.01474.x
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Structure-activity relationship studies were conducted on HIV integrase (IN) inhibitory peptides which
were found by the screening of an overlapping peptide library derived from HIV-1 gene products. Since
these peptides located in the second helix of Vpr are considered to have an a-helical conformation, Glu-
Lys pairs were introduced into the i and i + 4 positions to increase the helicity of the lead compound pos-
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the amino acid residues responsible for the inhibitory activity. The results indicated the importance of an
o-helical structure for the expression of inhibitory activity, and presented a binding model of integrase
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1. Introduction

Highly active anti-retroviral therapy (HAART), which involves a
combination of two or three agents from two categories, reverse
transcriptase inhibitors and protease inhibitors, has brought us
remarkable success in the clinical treatment of HIV-infected and
AIDS patients.! However, it has been accompanied by serious clin-
ical problems including the emergence of viral strains with multi-
drug resistance (MDR), considerable adverse effects and nonethe-
less high costs. As a result, new categories of anti-HIV agents oper-
ating with mechanisms of action different from those of the above
inhibitors are sought. HIV-1 integrase (IN) is a critical enzyme for
the stable infection of host cells since it catalyzes the insertion of
viral DNA into the genome of host cells, by means of strand transfer
and 3’-end processing reactions and thus it is an attractive target
for the development of anti-HIV agents. Recently, the first IN inhib-
itor, raltegravir (Merck),? has appeared in a clinical setting. It is as-
sumed that the activity of IN must be negatively regulated during
the translocation of the viral DNA from the cytoplasm to the nu-
cleus to prevent auto-integration. The virus, as well as the host
cells, must encode mechanism(s) to prevent auto-integration since

* Corresponding author.
E-mail address: tamamura.mr@tmd.ac.jp (H. Tamamura).
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the regulation of IN activity is critical for the virus to infect cells.?
By screening a library of overlapping peptides derived from HIV-1
SF2 gene products we have found three Vpr-derived peptides, 1, 2
and 3, which possess significant IN inhibitory activity, indicating
that IN inhibitors exist in the viral pre-integration complex
(PIC).# The above inhibitory peptides, 1, 2 and 3, are consecutive
overlapping peptides (Fig. 1). Compounds 4 and 5 are 12- and
18-mers from the original Vpr-sequence with the addition of an
octa-arginyl group® into the C-terminus for cell membrane perme-
ability, respectively. Compounds 4 and 5 have IN inhibitory activity
and anti-HIV activity. Here, we report structure-activity relation-
ship studies on these lead compounds for the development of more
potent IN inhibitors.

2. Results and discussion

To determine which lead compound is most suitable for further
experiments, five peptides 6-10, which were elongated by one
amino acid starting with compound 4 and extended ultimately to
5, were synthesized (Fig. 2). Judging by the 3’-end processing and
strand transfer reactions in vitro,® these peptides 4-10 had similar
inhibitory potencies (Table 1). As a result, we concluded that 12
amino acid residues derived from the original Vpr-sequence are
of sufficient for IN inhibitory activity, and any peptide among
4-10 is a suitable lead.
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1  AGVEAIRILQQLLF t 5 10 15
2 HRILQQLLFIHFRI 5 Ac-EAIRILQALLFIHFRIG-RRRRRRRR-NH,
3  LQQLLFIHFRIGCQH 11 ACc-EAHRILQQLLFIEFRIK-RRRRRRRR-NH,
4  Ac-LQQLLFIHFRIG-RRRRRRRR-NH, 12 Ac-EENRKLQQLLFIHFRIG-RRRRRRRR-NH,
5 Ac-EAIRILQQLLFIHFRIG-RRRRRRRR-NH; 13 Ac-EAIRILQELLFKHFRIG-RRRRRRRR-NH,

Figure 1. Amino acid sequences of compounds 1-5. Compounds 1-3 are consecu-
tive overlapping peptides with free N-/C-terminus. These were found by the IN
inhibitory screening of a peptide library derived from HIV-1 gene products.
Compounds 4 and 5 are cell penetrative leads of IN inhibitors.

Ac-LQQLLFIHFRIG-RRRRRRRR-NH,
AC-ILQQLLFIHFRIG-RRRRRRRR-NH,
Ac-RILQQLLFIHFRIG-RRRRRRRR-NH;
Ac-IRILQQLLFIHFRIG-RRRRRRRR-NH,
Ac-IRILQQLLFIHFRIG-RRRRRRRR-NH;
10 AC-AIRILQQLLFIHFRIG-RRRRRRRR-NH,
5 Ac-EAIRILQQLLFIHFRIG-RRRRRRRR-NH,

W00~ A

Figure 2. Amino acid sequences of compounds 6-16, which are elongated by one
amino acid from compound 4 to 5.

Table 1
ICsq values of compounds 4-10 toward the 3'-end processing and strand transfer
reactions catalyzed by HIV-1 IN

Compound 1Cs0 (UM)
3’-End processing Strand transfer
4 0.13+0.02 0.06 £ 0.01
5 0.09 £ 0.01 0.04 £ 0.01
6 0.10+0.01 0.07 £0.01
7 0.13£0.02 0.11£0.01
8 0.26+0.04 0.114£0.03
9 0.11£0.01 0.07 £0.01
10 0.08 £0.01 0.05 £ 0.01

Structural analysis showed that the Vpr-derived peptides, 1, 2
and 3, are located in the second helix of Vpr and were thus consid-
ered to have an a-helical conformation.” Compound 5 was adopted
as a lead for the development of compounds with an increase in
o-helicity since a longer peptide is likely to form a more stable
o-helical structure than a shorter one. Initially, Glu (E) and Lys
(K) were introduced in pairs into compound 5 at the i and i+4
positions. In general, such disposition of Glu-Lys pairs at i and
i+ 4 positions is considered to cause an increase in a-helicity due
to formation of an ionic interaction of a p-carboxy group of Glu
and an g-amino group of Lys. Several analogs of 5 with Glu-Lys
pairs were synthesized by Fmoc-solid phase peptide synthesis
(Fig. 3). In the inhibitory assay against the 3'-end processing and
strand transfer reactions catalyzed by HIV-1 IN in vitro, com-
pounds 11 and 15 showed more potent inhibitory activities than
5 (Table 2). Substitution of Glu-Lys for His'*-Gly'® or lle*-Leu’
caused no decrease in IN inhibitory activity but a significant in-
crease in activity, suggesting that Ile®, Leu’, His' and Gly'® are
not indispensable for activity. Substitution of Glu-Lys for Ala®-Ile®
or GIn®lle'* caused a slight decrease in IN inhibitory activity
against the 3’-end processing and strand transfer reactions (com-
pounds 12 and 13), indicating that Ala? and/or 1le5, and GIn® and/
or lle'? are partly required for activity. Substitution of Glu-Lys for
Me*-GIn® caused a 2-4-fold decrease in IN inhibitory activity
against the 3’-end processing and strand transfer reactions (com-
pound 14), showing that Ile* and/or GIn® are essential for activity.
Substitution of Glu-Lys for Leu''-Phe'® caused an eightfold de-
crease in IN inhibitory activity against the 3’-end processing reac-
tion and a 1.5-fold decrease in IN inhibitory activity against the

14 AC-EAIERILKQLLFIHFRIG-RRRRRRRR-NH,
15 Ac-EAEIRIKQQLLFIHFRIG-RRRRRRRR-NH,
16 Ac-EAIRILQQLEFIHKRIG-RRRRRRRR-NH,

17 Ac-EEHRKLQQLLFIEFRIK-RRRRRRRR-NH,

Figure 3. Amino acid sequences of compounds 11-17, into which Glu-Lys pairs
have been introduced.

Table 2
ICso values of compounds 5 and 11-17 toward the 3'-end processing and strand
transfer reactions catalyzed by HIV-1 IN

Compound 1Cs0 (LM)
3’-End processing Strand transfer

5 0.09£0.01 0.04 £0.01
11 0.05+0.01 0.01 +£0.001
12 0.12£0.01 0.047 £ 0.01
13 0.14£0.02 0.065 £ 0.01
14 0.23+0.03 0.15+0.002
15 0.04 +0.01 0.031 £0.01
16 0.71£0.21 0.06 + 0.004
17 0.18 £0.06 0.08 £0.02

strand transfer reaction (compound 16), indicating that Leu'’
and/or Phe'® are indispensable for activity, especially for inhibition
against 3’-end processing. Compound 17 has two substitutions of
Glu-Lys for His'-Gly'® and for Ala®-lle®, which are common to
compounds 11 and 12, respectively. A twofold decrease in both
IN inhibitory activities of compound 17 is mostly due to the substi-
tution for Ala®-lle® common to 12, although 17 is slightly less
active than 12 in both IN inhibitory assays.

Anti-HIV activity of these compounds was assessed by an MT-4
Luc system, in which MT-4 cells were stably transduced with the
firefly luciferase expression cassette by a murine leukemia viral
vector. MT-4 Luc cells constitutively express high levels of lucifer-
ase. HIV-1 infection significantly reduces luciferase expression due
to the high susceptibility of MT-4 cells to HIV-1 infection. Protec-
tion of MT-4 Luc cells from HIV-1-induced cell death maintains
the luciferase signals at high levels. In addition, the cytotoxicity
of test compounds can be evaluated by a decrease of luciferase sig-
nals in these MT-4 Luc systems. The parent compound 5 showed
significant anti-HIV activity at concentrations above 1.25 uM, as
reported previously (Fig. 4).4 Compound 15 showed a significant
inhibitory effect against HIV-1 replication, and is thus comparable
to compound 5. Compounds 11, 14 and 16 also displayed weak
antiviral effects at concentrations of 2.5 and 5.0 uM and com-
pounds 12, 13 and 17 failed to show any significant anti-HIV activ-
ity. These results suggest that there is a positive correlation
between IN inhibitory activity and anti-HIV activity of the com-
pounds. None of these compounds showed significant cytotoxic ef-
fects at concentrations below 5.0 pM.

The structures of compounds 5 and 11-17 were assessed by CD
spectroscopy. Because the aqueous solubility of these peptides is
not high the peptides were dissolved in 0.1 M phosphate buffer,
containing 50% MeOH at pH 5.6. The CD spectra suggest that the
parent compound 5, which has no Glu-Lys pair, forms a typical
a~helical structure, and the other compounds, with the exception
of 11 and 15, form a-helical structures similarly (Fig. 5). The order
of strength of a-helicity is 12, 16 > 14 > 17 > 5 > 13. Compounds 11
and 15 have no characteristic pattern, although IN inhibitory activ-
ities of both compounds are superior to that of the parent
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1.0x107 4 7 10 15
5 4  Ac-LQQLLFIHFRIG-RRRRRRRR-NH,
11 18 Ac-AQQLLFIHFRIG-RRRRRRRR-NH,
5 12 19 Ac-LAQLLFIHFRIG-RRRRRRRR-NH,
7 o 13 20 Ac-LQALLFIHFRIG-RRRRRRRR-NH,
o 1:0:40%+ 1 21 Ac-LQOALFIHFRIG-RRRRRRRR-NH,
z . 15 22 Ac-LQOLAFIHFRIG-RRRRRRRR-NH,
g et 23 Ac-LQQLLAIHFRIG-RRRRRRRR-NH,
9 16 24 Ac-LQQLLFAHFRIG-RRRRRRRR-NH,
S 404105 - 17 25 Ac-LQQLLFIAFRIG-RRRRRRRR-NH,
& 3TC 26 Ac-LQQLLFIHARIG-RRRRRRRR-NH,
5 27 Ac-LQQLLFIHFAIG-RRRRRRRR-NH,
28 Ac-LQQLLFIHFRAG-RRRRRRRR-NH,
= 29 Ac-LQQLLFIHFRIA-RRRRRRRR-NH,

1040735 5 25 125 0625 03125

conc. {uM}

Figure 4. Luciferase signals in MT-4 Luc celis infected with HIV-1 in the presence of
different concentrations of compounds 11-17. Luciferase activity is expressed as
relative luciferase units (RLU). 3TC is an HIV reverse transcriptase inhibitor, which
was used as a positive control.

[ 8 J{x 104 deg cm? dmott)

3

208 222
wavelength {nmj}

Figure 5. CD spectra of compounds 5 and 11-17 (5 uM) in 0.1 M phosphate buffer,
pH 5.6 containing 50% MeOH at 25 °C.

compound 5. Replacement of His*4-Gly'® and lle>-Leu’ by Glu-Lys
in compounds 11 and 15, respectively, caused a significant de-
crease in o-helicity, possibly due to formation of unfavorable salt
bridges such as Glu'*-Arg!® and Glu*-Arg®. Introduction of a Glu-
Lys pair into GIn®-lle'® in compound 13 caused a slight decrease
in o-helicity, possibly due to interference in the formation of a salt
bridge of Glu'-Arg® by that of Arg”>-Glu®. In the other analogs, in-
creases in o-helicity were observed to result from the introduction
of Glu-Lys pairs as we had initially postulated. Overall, there is no
positive correlation between IN inhibitory or anti-HIV activity and
the degree of a-helicity of the compounds.

In order to identify the amino acid residues responsible for IN
inhibitory and anti-HIV activities of these peptides, an Ala-scan
of compound 4 was performed (Fig. 6). Compounds 18-22, 25, 27
and 29 showed IN inhibitory activities against the 3’-end process-
ing and strand transfer reactions similar to those of 4 (Table 3).
Ala-substitution for Leu’, GIn®, GIn®, Leu'®, Leu', His', Arg'® or
Gly'® did not cause any significant change in either of IN inhibitory
activities, indicating that the replaced amino acids are not essential
for IN inhibition. Ala-substitution for Phe'?, 1le'?, Phe'® or lle!’
gave compounds 23, 24, 26 and 28, which were 2-4 times less ac-
tive in both the IN inhibitory assays, suggesting that Phe'?, Ile'3,
Phe' and Ile'” are indispensable for IN inhibition. Assessment of
anti-HIV activity in the MT-4 Luc system showed that all com-
pounds 18-29 produced dose-dependent inhibition of HIV-1 repli-
cation, although they displayed cytotoxicity at 10 uM (4, 19-23, 26
and 27) or above 5 pM (24 and 25) (Fig. 7). Compounds 23 and 24,

Figure 6. Amino acid sequences of compounds 18-29 based on an Ala-scan of
compound 4. Position numbers correspond to alignment with compound 5.

Table 3
1Cso values of compounds 18-29 toward the 3'-end processing and strand transfer
reactions catalyzed by HIV-1 IN

Compound 1C50 (HM)
3'-End processing Strand transfer
4 0.11£0.03 0.05 £0.01
18 0.12 £ 0.004 0.08 +0.01
19 0.13£0.02 0.06 £ 0.01
20 0.10 £ 0.004 0.06 +0.01
21 0.12+0.02 0.07 +0.01
22 0.13 £ 0.003 0.06 + 0.01
23 0.34%0.06 0.18+£0.03
24 0.33+0.02 0.22 +0.01
25 0.13+0.01 0.06 +0.01
26 0.25+0.02 0.12+0.01
27 0.11 £0.01 0.05+0.01
28 0.20+0.03 0.16£0.02
29 0.09 +0.01 0.09 +0.01
1.0x107
s
1.0x10° e 18
= 19
6:1 20
2 1.0:10° - 2
g - 22
§ e 23
@ e 24
i 4 d
8 1.0x10 - 25
£ 26
%)
2 G 27
1.0x16° g 28
et 29
1.0x102
10 5 2.5 1.25 0.65
conc, (uM)

Figure 7. Luciferase signals in MT-4 Luc cells infected with HIV-1 in the presence of
various concentrations of compounds 18-29. Luciferase activity was valued as RLU.

with Ala-substitution for Phe'? and lle'3, respectively, showed
weaker inhibitory activity than 4 at 5 uM. Consequently, Phe'?
and Ile'® were deemed to be critical for activity, which is consistent
with the IN inhibitory activity results. A control peptide isomer of 5
(Ac-QIFEHLAGIIQILRFLRI-Rg-NH;) did not show anti-HIV activity at
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HIV-TIN

Figure 8. Brief presumed drawing of the binding model of HIV-1 IN and
compound 5.

concentrations below 10 uM, suggesting that the original Vpr-se-
quence, with the exceptions of Phe'?, Ile'?, Phe'® and lle'”, is crit-
ical for activity.

The assumption that compound 5 forms an o-helical structure
when binding to HIV-1 IN suggests the binding model of IN and
5 shown in Figure 8, as 5 forms an o~helical structure in 50% aque-
ous MeOH solution, In this model, Phe'?, 1le'3, Phe'S and lle!?,
which were identified by the Ala-scan experiment as critical resi-
dues, are located in the pocket of IN. His'# and Gly'®, which can
be replaced by Glu-Lys with an increase of activity in compound
11, are located outside of the pocket of IN. Ile* and Leu’ can also
be replaced by Glu-Lys while retaining activity in compound 15,
and Leu’ is located outside of the pocket, whereas Ile3 is located
in the edge of the pocket. Compounds 11 and 15 might form
o-helical structures when binding to IN, although 11 or 15 does
not show o-helicity in the CD spectrum. Thus, these compounds
might retain IN inhibitory activity. This binding model is compatible
with the results of structure-activity relationship studies involving
Glu-Lys substitution and Ala-scan. The reason for decreases in IN
inhibitory and anti-HIV activity of compounds 12 and 17, which
show increases of o-helicity, are possibly due to substitution of
Glu-Lys for Ala? and IleS, which are located in the pocket of IN. The
reason for a decrease in activity of compounds 14 and 16, which
show increased a-helicity, might be due to substitution of Lys for
GIn® and Phe'®, respectively, which are located in the pocket of IN.
The reason for decreases in IN inhibitory and anti-HIV activity of
compound 13, which also shows a decrease of a-helicity, are possi-
bly due to substitution of Glu-Lys for GIn® and Ile'3, which are
located in the pocket of IN.

3. Conclusion

In the present study, structure-activity relationship studies
were performed on Vpr-derived peptides 4 and 5, which had been
previously identified as HIV-1 IN inhibitors.? The Glu-Lys substitu-
tion experiments and Ala-scan data suggest that several amino
acid residues of 4 and 5 are indispensable for IN inhibitory and
anti-HIV activities, and a binding model of IN and 5 were proposed.
Furthermore, two novel compounds 11 and 15, which contained
Glu-Lys pairs and showed more potent IN inhibitory activities than
compound 5, were found. These data including the binding model
should be useful for the development of potent HIV-1 IN inhibitors
based on Vpr-peptides.

4. Experimental
4.1. Chemistry

All peptides were synthesized by the Fmoc-based solid-phase
method. The synthetic peptides were purified by RP-HPLC and
identified by ESI-TOF-MS. Fmoc-protected amino acids and re-
agents for peptide synthesis were purchased from Novabiochem,
Kokusan Chemical Co., Ltd and Watanabe Chemical Industries,
Ltd. Protected peptide resins were constructed on NovaSyn TGR
resins (0.26 meq/g, 0.025 and 0.0125 mmol scales for Glu-Lys sub-
stitution and Ala-scan peptides, respectively). All peptides were
synthesized by stepwise elongation techniques. Each cycle in-
volves (i) deprotection of an Fmoc group with 20% (v/v) piperi-
dine/DMF (10 mL) for 15 min and (ii) coupling with 5.0 equiv of
Fmoc-protected amino acid, 5.0 equiv of diiopropylcarbodiimide
(DIPCI) and 5.0 equiv of 1-hydroxybenzotriazole monohydrate
(HOBt-H,0) in DMF (3 mL) for 90 min. N-Terminal a-amino groups
of Glu-Lys substitution and Ala-scan peptides were acetylated with
100 equiv of acetic anhydride in DMF (10 mL). Cleavage from the
resin and side chain deprotection were carried out by stirring for
1.5 h with m-cresol (0.25 mL), thioanisole (0.75 mL), 1,2-ethanedi-
thiol (0.75 mL) and TFA (8.25 mL). After removal of the resins by
filtration, the filtrate was concentrated under reduced pressure,
the crude peptides were precipitated in cooled diethyl ether and
purified by preparative RP-HPLC on a Cosmosil 5C18-AR 1l column
(10 x 250 mm, Nacalai Tesque, Inc.) with a LaChrom Elite HTA sys-
tem (Hitachi). The HPLC solvents employed were water containing
0.1% TFA (solvent A) and acetonitrile containing 0.1% TFA (solvent
B). All peptides were purified using a linear gradient of solvents A
and B over 30 min at a flow rate of 3 cm® min~'. The purified pep-
tides were identified by ESI-TOF-MS (Brucker Daltonics micrOTOF-
2focus) (shown in Table S1 in Supplementary data). All peptides
were obtained after lyophilization as fluffy white powders of the
TFA salts. The purities of these peptides were checked by analytical
HPLC on a Cosmosil 5C18-ARII column (4.6 x 250 mm, Nacalai Tes-
que, Inc.) eluted with a linear gradient of solvents A and B at a flow
rate of 1 cm® min~", and eluted products were detected by UV at
220 nm (shown in Figs. S1-53 in Supplementary data).

4.2. Expression and purification of F185K/C280S HIV-1 integrase
from Escherichia coli

Plasmid encoding IN1-288/F185K/C280S was expressed in
Escherichia coli strain C41. The solubility of the mutant protein
was examined in a crude cell lysate, as follows. Cells were grown
in T L of culture medium containing 100 pg/mL of ampicillin at
37 °C until the optical density of the culture at 600 nm was be-
tween 0.4 and 0.9. Protein expression was induced by the addition
of isopropyl-1-thio-B-p-galactopyranoside to a final concentration
of 0.1 mM. After 2 h, the cells were collected by centrifugation at
6000 rpm for 30 min. After removal of the supernatant, the cells
were resuspended in HED buffer (20 mM HEPES, pH 7.5, 1 mM
EDTA, 1 mM DTT) with 0.5 mg/mL lysozyme and stored on ice for
30 min. The cells were sonicated until the solution exhibited min-
imal viscosity then it was centrifuged at 15,000 rpm for 30 min.
After removal of the supernatant, the pellet was dissolved in
TNM buffer (20 mM Tris/HCl, pH 8.0, 1 M NaCl, 2 mM 2-mercap-
toethanol) with 5 mM imidazole and stored on ice for 30 min.
The cells were then centrifuged at 15,000 rpm for 30 min and the
supernatant was collected. The supernatant was then filtered
through 0.45 um filter cartridge and applied to a HisTrap column
at 1 mL/min flow rate. After loading, the column was washed with
10 volume of TNM buffer with 5 mM imidazole. Protein was eluted
with a linear gradient of 500 mM imidazole, containing TNM buf-
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fer. Fractions containing IN were pooled and checked with SDS-
PAGE.

4.3. CD spectroscopy of peptides with Glu-Lys substitution

CD measurements were performed on a JASCO ]J720 spectropo-
larimeter equipped with thermo-regulator (JASCO Corp., Ltd),
using 5 uM of peptides dissolved in 0.1 M phosphate buffer, pH
5.6 containing 50% MeOH. UV spectra were recorded at 25 °C in a
quartz cell 1.0 mm path length, a time constant of 15, and a
100 nm/min scanning speed with 0.1 nm resolution.

44. Integrase assays

Expression and purification of the recombinant IN in E. coli were
performed as previously reported with addition of 10% glycerol to
all buffers. Oigonucleotide substrates were prepared as described.®
Integrase reactions were performed in 10 pL with 400 nM of
recombinant IN, 20 nM of 5/-end [**P]-labeled oligonucleotide sub-
strate and inhibitors at various concentrations. Solutions of 10%
DMSO without inhibitors were used as controls. Reaction mixtures
were incubated at 37 °C (60 min) in buffer containing 50 mM
MOPS, pH 7.2, 7.5 mM MgCl,, and 14.3 mM 2-mercaptoethanol.
Reactions were stopped by addition of 10 uL of loading dye
(10 mM EDTA, 98% deionized formamide, 0.025% xylene cyanol
and 0.025% bromophenol blue). Reactions were then subjected to
electrophoresis in 20% polyacrylamide-7 M urea gels. Gels were
dried and reaction products were visualized and quantitated with
a Typhoon 8600 (GE Healthcare, Little Chalfont, Buckinghamshire,
UK). Densitometric analyses were performed using ImageQuant
from Molecular Dynamics Inc. The concentrations at which en-
zyme activity was reduced by 50% (ICso) were determined using
‘Prism’ software (GraphPad Software, San Diego, CA) for nonlinear
regression to fit dose-response data to logistic curve models.

4.5. Replication assays (MT-4 luciferase assays)

MT-4 luciferase cells (1 x 10> cells) grown in 96-well plates
were infected with HIV-1yxs; in the presence of various concentra-
tions of peptides. At 6-7 days post-infection, cells were lysed and
the luciferase activities were measured using the Steady-Glo assay
kit (Promega), according to the manufacturer’s protocol. Chemilu-
minescence was detected with a Veritas luminometer (Promega).
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Anti-HIV peptides with inhibitory activity against HIV-1 integrase (IN) have been found in overlapping
peptide libraries derived from HIV-1 gene products. In a strand transfer assay using IN, inhibitory active
peptides with certain sequential motifs related to Vpr- and Env-derived peptides were found. The addition
of an octa-arginyl group to the inhibitory peptides caused a remarkable inhibition of the strand transfer and
3¥-end-processing reactions catalyzed by IN and significant inhibition against HIV replication.

Introduction

Many antiretroviral drugs are currently available to treat
human immunodeficiency virus type 1 (HIV-1) infection. Viral
enzymes such as reverse transcriptase (RT¢), protease and
integrase (IN), gp41, and coreceptors are the main targets for
antiretroviral drugs that are under development. Because of the
emergence of viral strains with multidrug resistance (MDR),
however, new anti-HIV-1 drugs operating with different in-
hibitory mechanisms are required. Following the success of
raltegravir, IN has emerged as a prime target. IN is an essential
enzyme for the stable infection of host cells because it catalyzes
the insertion of viral DNA inside the preintegration complex
(PIC) into the genome of host cells in two successive reactions,
designated as strand transfer and 3/-end-processing. It is
assumed that the enzymatic activities of IN have to be negatively
regulated in the PIC during its transfer from the cytoplasm to
the nucleus. Otherwise, premature activation of IN can lead to
the autointegration into the viral DNA itself, resulting in an
aborted infection. We speculate that the virus, rather than the
host cells, must encode a mechanism to prevent autointegra-
tion. The PIC contains in association with the viral nucleic
acid, viral proteins such as RT, IN, capsids (p24<* and p7%),
matrix (p17M"), p6 and Vpr, cellular proteins HMG I (Y),
and the barrier to autointegration factor (BAF).! ™ It is likely
that, due to their spatial proximity in the PIC, these proteins
physically and functionally interact with each other. For
instance, it is already known that RT activity inhibited by
Vpr,” and that RT and IN inhibit each other.>™® Vpr also
inhibits IN through its C-terminal domain.>'® Because these
studies suggest that PIC components regulate each other’s
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function, we have attempted to obtain potent inhibitory lead
compounds from a peptide fragment library derived from
HIV-1 gene products, an approach which has been successful
in finding a peptide IN inhibitor from LEDGF, a cellular IN
binding protein."’

In this paper, we describe the screening of an overlapping
peptide library derived from HIV-1 proteins, the identifica-
tion of certain peptide motifs with inhibitory activity against
HIV-11IN, and the evaluation of effective inhibition of HIV-1
replication in cells using the identified peptide inhibitors
possessing cell membrane permeability.

Results and Discussion

An overlapping peptide library spanning HIV-1 SF2 Gag,
Pol, Vpr, Tat, Rev, Vpu, Env, and Nef, provided by Dr.
Iwamoto of the Institute of Medical Science at the University
of Tokyo (Supporting Information, SI, Figure 2A), was
screened with a strand transfer assay'” in search of peptide
pools with inhibitory activity against HIV-1 IN. The library
consists of 658 peptide fragments derived from the HIV-1 gene
products. Each peptide is composed of 10~17 amino acid
residues with overlapping regions of 1—7 amino acid residues.
Sixteen peptide pools containing between 16 and 65 peptides
were used for the first screening at the final concentration of
5.0 uM for each peptide (SI Figure 2B ). This initial screening
gave the results shown in Figure 1. Both Vpr and Env4 pools
showed remarkable inhibition of IN strand transfer activity,
and consequently a second screening was performed using the
individual peptides contained in the Vpr and Env4 pools. A
group of consecutive overlapping peptides in the Vpr pool
(groups 13—15) and groups 4—6 and 20—21 in the Env4 pool
were found to possess IN inhibitory activity (Figure 2). We
focused on Vprl5 and Env4-4 peptides because they showed
inhibitory activity against IN strand transfer reaction in a
dose-dependent manner (Figure 3). The ICs, values of Vprl5
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Figure 1. Inhibition of the IN strand transfer activity by peptide
pools. Inhibition of the IN strand transfer activity was strongly
inhibited by Env4 and Vpr pools (arrows). The y-axis represents the
IN strand transfer activity relative to the solvent control (DMSO).
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Figure 2. Identification of IN inhibitory peptides in the Vpr (A)
and Env4 (B) pools based on the strand transfer activity of IN. The
consecutive overlapping peptides display the inhibition of the strand
transfer activity of IN (arrows). The y-axis represents the IN strand
transfer activity relative to the solvent control (DMSO). The con-
centration of each peptide was 5 uM. The common sequences of
individual peptides derived from Vpr and Env4 pools with anti-IN
activity are underlined.

and Env4-4 were estimated at 5.5 and 1.9 uM, respectively.
These peptides did not show any significant inhibitory activity
against HIV-1 RT, suggesting that they might inhibit IN
strand transfer reaction selectively.

The overlapping peptides of Vpr13-15 and Env4-4-6 have the
vommon hexapeptide sequences LQQLLF and IFIMIV, res-
pectively. The LQQLLF sequence covers positions 64—69 of
Vpr, which is a part of the second helix of Vpr. The IFIMIV
sequence corresponds to positions 684689 of gp160, whichisa
part of the transmembrane domain of TM/gp41. These hexa-
peptides are thought to be critical to inhibition of IN activity. It
was recently reported” that similar peptides derived from Vpr
inhibit IN with ICsq values of 1—16 4M, which is consistent with
our data. In this report,” the peptide motif was found to be 15
amino acid residues spanning LQQLLF from the overlapping
Vpr peptide library. In our study, more precise mapping of
inhibitory motif in Vpr peptides was achieved by identifying the
shorter effective peptide motif. We focused on the Vpr-derived
peptide, LQQLLF (Vpr-1) to develop potent inhibitory pep-
tides. However, the expression of inhibitory activity against IN
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Figure 3. Concentration-dependent inhibition of IN strand trans-
fer activities by Vprl5 (O) and Env4—4 (@) peptides. The y-axis
represents the IN strand transfer activity relative to the solvent
control (DMSO).

in vivo by only hexapeptides might be difficult because these
hexapeptides penetrate the plasma membrane very poorly and
to achieve antiviral activity, it is essential that they penetrate the
cell membrane. To that effect, an octa-arginyl (Rg) group'® was
fused to the Vpr-derived peptides (Table 1). Ry is a cell mem-
brane permeable motif and its fusion with parent peptides
successfully generates bioactive peptides without significant
adverse effects or cytotoxicity.'*™'* In addition, the Rg-fusion
could increase the solubility of Vpr-derived peptides which have
a relatively hydrophobic character.

The inhibitory activity of Vpr-1 and Vpr-1-4 Ry peptides
against IN was evaluated based on the strand transfer and 3/-
end-processing reactions in vitro (Table 1).'*% Vpr-1 did not
show strong inhibition of either IN activity, but the ICsy of
Vpr-1 Rg toward the strand transfer reaction of IN was 10-fold
lower than that of Vpr-1 lacking the Rg group. This indicates
that the positive charges derived from the Rg group might
enhance the inhibitory activity of the Vpr-1 peptide. Because
we were concerned that the strong positive charges close to the
LQQLLF motif might interfere with the inhibitory activity, the
6 amino acid sequence (—THFRIG—) was inserted as a spacer
between LQQLLF and Rg (Vpr-3 Rg). The IHFRIG sequence
was used to reconstitute the natural Vpr. The ICsy values of
Vpr-2 Ry for the strand transfer and 3'-end-processing activities
of IN were 0.70 and 0.83 uM, respectively, while Vpr-3 Rg
showed potent IN inhibitory activities of 4.0 and 8.0 nM against
the strand transfer and 3’-end- processing activities, respectively.
This result indicates the additional importance of the IHFRIG
sequence for inhibitory activities against IN. The increased IN
inhibitory activities might be achieved presumably by the
synergistic effect of the LQQLLF motif, the IHFRIG sequence,
and the Rg group. Vpr-4 Rg, in which the EAIIRI sequence was
attached to further reconstitute the Vpr helix 2, showed inhibi-
tory activities similar to those of Vpr-3 Rg, suggesting that
reconstitution of helix 2 of Vpr is not necessary for efficient IN
inhibition. Vpr-3 Rg and Vpr-4 R, with ICsq > 0.5 /LM,Z' were
less potent inhibitors of RT-associated RNase H activity,
indicating that these peptides can selectively inhibit IN. These
results suggest that Vpr-derived peptides are novel and distinct
from any other IN inhibitors reported to date.

For rapid assessment of the antiviral effect of Vpr-derived
peptides, we established an MT-4 Luc system in which MT-4
cells were stably transduced with the firefly luciferase expres-
sion cassette by a murine leukemia viral vector (SI Figure 3).
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Table 1. Sequences of Vpr-Derived Peptides and Their ICs, Values toward the Strand Transfer and 3'-End Processing Reactions of IN

ICsp (uM)
sequence strand transfer 3'-end processing
Vpr-1 LQQLLF 68+ 1.0 > 100
Vpr-1 Rg Ac-LQQLLF -RRRRRRRR-NH, 6.1+1.1 >11
Vpr-2 Rg Ac-IHFRIG-RRRRRRRR-NH, 0.704+0.06 0.83 £0.07
Vpr-3 Rg Ac-LQQLLF IHFRIG-RRRRRRRR-NH, 0.004 4 0.0001 0.008 = 0.001
Vpr-4 Rg Ac-EAIIRI LQQLLF IHFRIG-RRRRRRRR-NH, 0.005+0.002 0.006 + 0.006
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Figure 4. Luciferase signals in MT-4 Luc cells infected with HIV-1
in the presence of various concentrations of Vpr-derived peptides:
Vpr-1 (@), Vpr-1 Rg (0), Vpr-2 Rg (4), Vpr-3 Rg (O), Vpr-4 Rg (M).

MT-4 Luc cells constitutively express high levels of luciferase
which are significantly reduced by HIV-1 infection due to their
high susceptibility to cell death upon HIV-1 infection. Protec-
tion of MT-4 Luc cells from HIV-1-induced cell death maintains
the luciferase signals at high levels. In addition, the cytotoxicity
of Vpr-derived peptides can be evaluated by a decrease of
luciferase signals in these MT-4 Luc systems. Vpr-2 Rg, which
is a weak IN inhibitor, showed no significant anti-HIV-1 activity
below concentrations of 20 uM, suggesting that its moderate
ICs level in vitro is not sufficient to suppress HIV-1 replication
in tissue culture and that the Rg group is not significantly
cytotoxic (Figure 4). Vpr-1 did not show any inhibitory effects
against HIV-1 replication; however, Vpr-1 R displayed a weak
antiviral effect at a concentration of 20 #M and both Vpr-3 Rg
and Vpr-4 Rg showed significant inhibitory effects against
HIV-1 replication. The Rg peptide did not show significant
anti-HIV activity (ICsy > 50 uM, data not shown). These
results suggest that the addition of the Rg group enables Vpr-
derived peptides to enter the cytoplasm and access IN, with the
result that HIV-1 replication could be effectively inhibited.
Because Vpr-3 Rg was less cytotoxic than Vpr-4 Rg, the inhi-
bitory activities of Vpr-3 Rg were further investigated. Two
replication assay systems, R5-tropic HIV-1yr_cgr on NP2-CD4-
CCRS cells and X4-tropic HIV-1yxg, on MT-4 cells, were
utilized. NP2-CD4-CCRS cells were infected with HIV-15r_csp
in the presence of various concentrations of Vpr-3 Rg. On day 4
postinfection, the culture supernatant was collected and the
concentration of viral p24 antigen was measured by an ELISA
assay. The p24 levels decreased in a dose-dependent manner
with increasing the concentration of Vpr-3 Rg; 50% inhibition
of p24 expression was obtained with approximately 0.8 M of
Vpr-3 Rg (Figure 5A). This concentration was approximately
10-fold lower than the concentration of Vpr-3 Rg known to be
cytotoxic (Figure 4). Second, MT-4 cells were infected with
HIV-1yxs; and the replication kinetics was monitored in the

Rg. (B) The replication kinetics of HIV-1yxgs in MT-4 cells in the
presence of Vpr-3 Rg (@). The concentration of Vpr-3 Rg was fixed
at 0.5 uM. Absence of Vpr-3 Rg (O).

presence of 0.5 uM Vpr-3 Rg. The degree of replication of HIV-
lexgz Was quite low in the presence of Vpr-3 Rg, while replica-
tion of HIV-1gxg, was robust in the absence of Vpr-3 Rg
(Figure 5B), suggesting that Vpr-3 Rg strongly suppresses the
replication of HIV-1 in cells. To examine whether the HIV-1
replication was blocked through the inhibition of IN activity,
quantitative real-time PCR was performed. If IN is inhibited,
the efficiency of viral genome integration should be decreased
while the reverse transcription of viral genome should not be
affected. Accordingly, NP2-CD4-CXCR4 cells were infected
with HIV-1yyxp; in the presence or absence of 0.5 uM Vpr-3 Rg.
Genomic DNA was extracted on day 2 postinfection, and the
viral DNA was quantified at the various steps of viral entry
phase. The level of “strong stop DNA”, representing the total
genome of infected virus in Vpr-3 Rg-treated cells, was similar
(139.7%) to that in DMSO-treated control cells and the level of
viral DNA generated at the late stage of reverse transcription in
Vpr-3 Rg-treated cells was slightly decreased (84.4%) compared
to control cells. This small decline can probably be attributed to
the weak anti-RNase H activity of Vpr-3 Rg. On the other hand,
a drastic decrease of Alu-LTR products was observed in Vpr-3
Rg-treated cells (15.8%), indicating an inhibition of integrated
viral genome. Concomitantly, the double LTR products, repre-
senting the end-joined viral genome catalyzed by host cellular
enzymes, were increased by a factor of 8 (779.8%). These results
strongly suggest that Vpr-3 Rg blocks viral infection by inhibi-
ting IN activity in cells, consistent with our in vitro observations.
Judging by these results, Vpr-derived peptides with the Rg group
are potent IN inhibitors that suppress HIV-1 replication in vivo.

Finally, in silico molecular docking simulations of Vpr-
derived peptides and HIV-1 IN were performed. The Vpr-
derived peptides are located in the second helix of Vpr and
were thus considered to have an a-helical conformation.??
Docking simulations of three peptides (Vprl3, Vprl4, and
Vprl5), using the predicted structure of the HIV-1 IN dimer as
a template,” were performed by GOLD software to investi-
gate the binding mode of the peptides, the binding affinity of
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Figure 6. Predicted binding mode of VprlS to HIV-1 IN by
GOLD. An overall view of (a) the complex obtained by docking
Vprl5 with the HIV-1 IN dimer and (b) the closer view of the
complex. The predicted structure of full-length HIV-1 IN was used
as a template. Each HIV-1 IN monomer was shown as green or cyan
surface. The docked Vprl5 is shown as a cartoon. The yellow-
colored region is the LQQLLF motif. The GOLD score represent-
ing the docking complementarity is 69.83, indicating the high
binding affinity between Vprl5 and IN. The hydrogen-bond inter-
actions between HIV-1 IN and Vprl5 were presented by LIGPLOT
software shown as blue dotted line (c).

the peptides being evaluated by GOLD Fitness score. The
predicted binding mode of Vpr15 to IN is shown in Figure 6.
Our results predict that the three Vpr-derived peptides interact
with the cleft between the amino-terminal domain and the
core domain of HIV-1 IN. This region is distinct from the
nucleic acid interacting surfaces, indicating that the Vpr-
derived peptides inhibit IN function in an allosteric manner.
A previous report provided a model in which a Vpr peptide
was bound to IN in a manner similar with our model® and,
interestingly, the peptides were bound to IN with an exterior
surface of Vpr. This earlier report that the full-length Vpr
inhibits IN' strongly supports the predicted binding mode of
Vprl5. Five hydrogen-bond interactions between HIV-1 IN
and Vprl5 were identified by LIGPLOT analysis,”* which
invoked the following IN-Vpr amino acids: IN Thr112-Vpr
Gln65, IN Ser56-Vpr Gln66, IN Asp207-Vpr Gln66, IN
Ser195-Vpr Arg73, and IN Gly189-Vpr His78. The number-
ing of Vpr amino acids is based on the Vpr full-length
coordinate, Figure 6. Additional hydrophobic contacts be-
tween IN and Vprl5 were found in which the following IN-
Vpr amino acid pairs are involved: IN Lys211-Vpr GIn66, IN
Pro109-Vpr Phe69, IN Arg262-Vpr His71, and IN Argl87-
Vpr GIn77. These data indicate that the GIn65, GIn66, and
Phe69 residues in Vpr-derived peptides play a major rolein the
interaction between IN and Vpr-derived peptides.

Conclusions

In summary, two peptide motifs, LQQLLF from Vpr and
IFIMIV from Env4, possessing inhibitory activity against
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HIV-1 IN, were identified through the screening of over-
lapping peptide library derived from HIV-1 gene products.
We initially speculate that HIV encodes a mechanism to prevent
autointegration in the PIC because integration activity must be
regulated until the virus infects cells. This speculation is sup-
ported by the finding that IN inhibitors exist in the viral PIC
components. Vpr-derived peptides with the Rg group showed
remarkable inhibitory activities against the strand transfer and
3'-end-processing reactions catalyzed by HIV-1 IN in vitro. In
addition, Vpr-3 Rg and Vpr-4 Rg were shown to inhibit HIV-1
replication with submicromolar ICsy values in cells using the
MT-4 Luc cell system. In the quantitative analysis of p24
antigen, 50% inhibition of HIV-1;z_csr replication was caused
by approximately 0.8 uM of Vpr-3 Rg, and the replication of
HIV-1gxg2 was extensively suppressed in the long term by Vpr-3
Rg at 0.5 uM concentrations. Our finding suggest that these
peptides could serve as lead compounds for novel IN inhibitors.
Amino acid residues critical to the interaction of Vpr-derived
peptides with IN were identified by our in silico molecular
docking simulations, and suggests that more potent peptides®
or peptidomimetic IN inhibitors represent a novel avenue for
future small molecule inhibitors of IN and HIV integration.

Experimental Section

Peptide Synthesis. Vpr-derived peptides containing the Rg
group were synthesized by stepwise elongation techniques of
Fmoc-protected amino acids on NovaSyn TGR resin. Coupling
reactions were performed using 5.0 equiv of Fmoc-protected
amino acid, 5.0 equiv of diisopropylcarbodiimide, and 5.0 equiv
of 1-hydroxybenzotriazole monohydrate. Cleavage of peptides
from resin and side chain deprotection were carried out with 10
mL of TFA in the presence of 0.25 mL of m-cresol, 0.75 mL of
thioanisole, 0.75 mL of I,2-ethanedithiol, and 0.1 mL of water
as scavenger by stirring for 1.5 h. After filtration of the depro-
tected peptides, the filtrate was concentrated under reduced
pressure, and crude peptides were precipitated in cooled diethyl-
ether. All crude peptides were purified by RP-HPLC and
identified by MALDI-TOFMS. Purities of all final compounds
were confirmed (>95% purity) by analytical HPLC. Detailed
data are provided in SIL.

Enzyme Assays. The strand transfer assay for the first screen-
ing was performed as described previously.'” The IN strand
transfer and 3’-end-processing assays for peptide motif char-
acterizations were performed as described previously.'®*
RNase H activity was measured as described by Beutler et al.*!

Replication Assays. For HIV-1 replication assays, 1 x 10°
cells were incubated at room temperature for 30 min with an
HIV-1 containing culture supernatant (ca. 0.2—50 ng p24) and
then washed and incubated. Culture supernatants were collected
at different time points, and then the cells were passaged if
necessary. Levels of p24 antigen were measured using a Retro
TEK p24 antigen ELISA kit, according to the manufacture’s
protocol. Signals were detected using an ELx808 microplate
photometer.

For MT-4 Luc assays, MT-4 Luc cells (1 x 10> cells) grown in
96-well plates were infected with HIV-1x2 (ca. 0.2—10 ng p24)
in the presence of varying concentrations of Vpr-3 Rg. At 6—7d
postinfection, cells were lysed and luciferase activity was mea-
sured using the Steady-Glo assay kits according to the manu-
facture’s protocol. Chemiluminescence was detected with a
Veritas luminometer.
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The lentiviral vector is a promising tool for human gene
therapy because of its ability to transduce genes into many
cell types. However, one of the technical problems asso-
ciated with the lentiviral vector is that lentiviral titers in
current production systems are relatively low compared with
the other viral vectors. In this study, we provide genetic
evidence that the attachment of heterologous myristoylation
(myr) signals on the amino-terminus of human immuno-
deficiency virus type 1 Pr55%29 (Gag) can increase the viral
yield up to 10-fold, leading to the enhancement of gene
transduction in many cell lines. The myr signal Gag
constructs behaved similarly to the wild-type Gag in targeting

Keywords: lentiviral vector; gag; myristoylation

Introduction

The lentiviral vector is a powerful tool for transduction
of genes into many cell types, especially non-dividing
cells such as neurons, and is being used in clinical trials
of human gene therapies and other applications.””® The
use of lentiviral vectors has been made possible because
of advances in basic virology and because of a series of
modifications that have increased the safety of the
lentiviral vector. The commonly used third-generation
lentiviral vector is a Tat-independent four-plasmid
system composed of a gene transfer vector and three
trans-vectors expressing Rev, Env and Gag-pol. The gene
transfer vector is equipped with a self-inactivation LTR
system (SIN). Viruses are often pseudotyped by vesicular
stomatitis virus G (VSV-G). The human codon-optimized
gag-pol expression vector is used to increase viral yield.”

The application of the lentiviral vector to human gene
therapy was first approved for the treatment of human
immunodeficiency virus (HIV) infections in the early
2000s.". Since then, because of its potential advantages,
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to detergent-resistant membrane compartments, Vps4-de-
pendence for viral budding, and virion morphology. However,
the myr signal Gag constructs showed improved oligomer-
ization efficiency as measured by bioluminescence reso-
nance energy transfer in living cells, contributing to increased
viral production and efficient activation of the viral protease
responsible for virion maturation. The genetically modified
Gag represents the next generation lentiviral vector, and
should contribute to the success of many lentiviral vector
applications.

Gene Therapy (2010) 0, 000-000. doi:10.1038/gt.2010.61

the use of lentiviral vector has been expanding. A large
amount of lentiviral particle must be produced for
clinical trials. A technical improvement to increase
the viral titer obtained from a production system would
have a substantial effect on the cost of supporting a
clinical human gene therapy trial using the lentiviral
vector. The lentiviral vector titer in current production
systems is generally in the order of 10°~10° transducing
units per ml. Although titer can be increased by
centrifugation, the production yield is not as high as
other viral vectors including the widely used adenoviral
vectors. The HIV-1-based lentiviral vector has been
engineered to reduce the risk of pathogenicity asso-
ciated with HIV-1 5, which resulted in a decrease of the
viral titer.

Retroviral production and infectivity are regulated
by the amino-terminal matrix domain (p17™* or MA) of
Pr55%as (Gag).1"** The myristoylation (myr) signal in the
MA is critical for efficient viral production by aiding Gag
trafficking to the plasma membrane (PM). In a previous
study, we found that substitution of the HIV-1 Gag myr
with the phospholipase C-81 pleckstrin homology (PH)
domain increased the production of the third-generation
lentiviral vector in which the gag-pol is human codon-
optimized.™ This prompted us to search for a PM-
targeting signal that could enhance viral production to a
greater extent than PH-Gag. Among the PM-targeting
signals, we discovered that the myr signal motifs of



