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Fig. 5. Boththe KLD and CBD of A
SCYL2 are required for its ability
to antagonize Vpu activity. (A)
Colocalization of Vpu and SCYL2
in cells. Hel.a cells were trans-
fected with plasmids encoding
Vpu-GFP and HA-SCYL2. After
24 hours, the cells were fixed,
permeabilized, and stained with
anti-HA antibody (red), followed
by confocal microscopic analy-
sis. Nuclei were stained with 4',6-
diamidino-2-phenylindole (DAPI)
and are shown in blue. Scale
bar, 10 um. (B) SCYL2 interacts
with Vpu in vitro. Recombinant
biotinylated SCYL2 (Bio-SCYL2)
and biotinylated dihydrofolate
reductase (Bio-DHFR) were
processed for GST pull-down
analysis with either GST-Vpu or 401
GST-DHFR. DHFR was used as e
a negative control. Captured pro- 30-
teins were analyzed by Western
blotting with streptavidin-HRP.
(C) The N-terminal KLD of SCYL2
interacts with Vpu. HEK 293T cells
were cotransfected with plasmids
encoding Vpu-GFP together with
plasmid encoding WT SCYL2 0-
or one of its truncation mutants.
Cell lysates were immunoprecip-
itated (IP) with anti-HA antibody
and then analyzed by Western F
blotting with anti-GFP or anti-HA
antibodies. (D and E) SCYL2
mutants lacking the CBD have
no observable effect on (D) viral
release or (E) Vpu dephospho-
rylation. Cells were cotransfected
with pNL4-3 (100 ng) together
with the indicated SCYL2 expres-
sion plasmids (100 ng). Forty-
eight hours after transfection,
culture supernatants and cell ly-
sates were subjected to (D) p24
ELISA or (E) Western blotting analysis with anti-pVpu, anti-Vpu, anti-HA,
and anti-tubulin antibodies. The bar chart in (E) indicates the amounts of
pVpu as determined by densitometric analysis of Western blots. **P =
0.0045; *P = 0.0172; n = 3 experiments. (F) CHC depletion abrogates
SCYL2-mediated dephosphorylation of Vpu. HEK 293T cells were treated
with either control (siCtrl) or CHC-targeted siRNA (siCHC) for 24 hours
before being transfected with plasmids expressing Vpu-HA and SCYL2
at a molar ratio of 1:5 or 1:10. Forty-eight hours after transfection, cell ly-
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SCYL?2 was transactivated by IFN- (Fig. 7B). We next examined whether
type I IFN promoted the SCYL2-mediated dephosphorylation of Vpu. To this
end, we infected HeLa and H9 cells with vesicular stomatitis virus glycopro-
tein (VSVG)-pseudotyped HIV-1 and then treated the cells with IFN-B. As
expected, the addition of IFN-B induced the dephosphorylation of Vpu (Fig.
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sates were subjected to Western blotting with the indicated antibodies.
(G) CHC depletion interferes with the colocalization of SCYL2 and Vpu.
Hela cells were treated with either control or CHC-specific siRNA for
24 hours before being transfected with plasmids encoding Vpu-GFP and
HA-SCYL2. After 24 hours, the cells were fixed, permeabilized, stained with
anti-HA antibody (red), and analyzed by confocal microscopy. Nuclei were
stained with DAPI (blue). Scale bars, 10 um. Data shown in (A) to (C) and
(E) to (G) are representative of three experiments.

7C). Single-cycle virus release analysis revealed that [FN-B decreased the
amounts of virus released (Fig. 7D), as reported previously (41). However,
the targeted depletion of SCYL2 by siRNA partially blocked IFN-B—mediated
viral restriction (Fig. 7D). This was not the case in parallel experiments with
Vpu-deficient viruses or BST2-deficient cells (Fig. 7, E and F). Together,
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Fig. 6. SCYL2 promotes PP2A-mediated dephosphorylation of Vpu. (A)
SCYL2 immunoprecipitates have phosphatase activity toward Ser®® and
Ser®® on Vpu. HEK 293T cells expressing HA-SCYL2 were lysed and
subjected to immunoprecipitation with an anti-HA antibody in buffer
containing dimethyl sulfoxide (DMSO) or 10 nM OA. The immunoprecipi-
tates were incubated with either pVpu peptide (white bar) or the nonphos-
phorylated equivalent (black bar). After 8 hours, the amounts of released
phosphates in the reaction mixture were measured. n.s., not significant;
*P = 0.0410; n = 3 experiments. (B) OA inhibits the SCYL2-mediated de-
phosphorylation of Vpu. HEK 293T cells were transfected with plasmids
expressing Vpu-HA and SCYL2 at a molar ratio of 1:5 or 1:10. Cells were
freated with DMSO or 10 nM OA for 18 hours before being harvested.
Forty-eight hours after transfection, cell lysates were subjected to Western
blotting with the indicated antibodies. (C) OA blocks SCYL2-mediated
restriction of viral release. Hela cells were cotransfected with pNL4-3
(100 ng) with or without plasmid encoding SCYL2. Cells were then treated
with DMSO control or 10 nM OA for 18 hours before being harvested. Forty-
eight hours after transfection, culture supernatants were subjected to p24
ELISA. n.s., not significant; **P = 0.0039; n = 3 experiments. (D) SCYL2 in-
teracts with the scaffold A subunit of PP2A (PP2A/A). HEK 293T cells were

transfected with expression plasmids for the indicated proteins. Cell ly-
sates were immunoprecipitated with an anti-Myc antibody, and bound
proteins were visualized by Western blotting. (E) SCYL2 enhances the
interaction between Vpu and PP2A/A. HEK 293T cells were transfected
with vectors encoding the indicated proteins. Cell lysates were immuno-
precipitated with anti-HA or anti-FLAG antibodies, and bound proteins
were visualized by Western blotting analysis. (F) Vpu interacts with en-
dogenous SCYL2 and PP2A. HEK 293T cells were transfected with vectors
encoding the indicated proteins. Cell lysates were immunoprecipitated with
anti-FLAG antibody, and bound proteins were visualized by Western
blotting analysis. (G) Depletion of PP2A/A inhibits SCYL2-mediated de-
phosphoerylation of Vpu. HEK 293T cells were treated with either control
(siCtrly or PP2A/A-specific siRNA (siPP2A/A) for 24 hours before being
transfected with plasmids expressing Vpu-HA and SCYL2 at molar ratios
of 1:5 and 1:10. Forty-eight hours after transfection, cell lysates were sub-
jected to Western blotting with antibodies against the indicated proteins.
(H) Immunofluorescence analysis of Hela cells transiently coexpressing
Vpu-GFP (green), FLAG-PP2A/A (red), and either HA-SCYL2 (blue) or emp-
ty vector. Scale bar, 10 um. Data shown in (B) and (D) to (H) are represent-
ative of three experiments.
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Fig. 7. SCYL2 mediates the type | IFN-induced antiviral response. (A) Type | IFN increases the abundance of
SCYL2. Western blotting analysis (top) and RT-PCR analysis (bottom) of the indicated cells treated with IFN-o
or IFN-B (1000 U/ml) for 6 hours before harvesting. Representative data from three experiments are shown. (B)
The SCYL2 promoter is transactivated by IFN-B. Hela cells were cotransfected with the pGL4-luc vector en-
coding SCYL2 promoter (-3300-luc) together with pGL4-TK-Rluc as a transfection control. Forty-eight hours
after transfection, cells were treated with IFN-B (1000 U/ml) for 6 hours and cell lysates were subjected to a
luciferase reporter assay. The fold induction in IFN-treated cells was determined. **P = 0.0036; n = 3
experiments. (C) IFN-B induces Vpu dephosphorylation in infected T cells. The indicated cells were infected
with VSVG-pseudotyped HIV-1y 4.3 [at @ multiplicity of infection (MOI) of 0.2] and treated with IFN-B (1000 U/mi)
for 8 hours before being harvested. Cell lysates were subjected to Western blotting with antibodies against the
indicated proteins. Data are representative of three experiments. (D to F) SCYL2 depletion partially blocks the
antiviral effect of IFN-. (D and E) Hel.a cells or (F) BST2-knockdown Hel a cells were treated with either control
or SCYL2-specific siRNA for 24 hours before being infected with (D and F) VSVG-pseudotyped HIV-1y 45 OF
(E) its Vpu-deficient derivative at an MOI of 0.01. Forty-eight hours after infection, the cells were washed and
treated with IFN-B (0, 500, or 1000 U/ml) for 8 hours. Culture supernatants and cell lysates were subjected to
p24 ELISA. n.s., not significant; **P = 0.0079 for (D); **P = 0.0012 and ***P = 0.0007 for (E); n = 3 experiments.
(G) A model depicting the proposed signaling cascade in type | IFN-mediated viral release restriction. Type |
IFN induces the production of both BST2 and SCYL2 in infected cells. SCYL2 binds to Vpu, recruits PP2A, and
inhibits the anti-BST2 activity of Vpu, thereby facilitating the BST2-mediated restriction of viral release.

DISCUSSION

Here, we demonstrated that SCYL2 is an
[FN-inducible gene that regulates the phos-
phorylation of HIV-1 Vpu by recruiting
PP2A to the viral protein, thereby inhibiting
Vpu function and enhancing the antiviral ac-
tivity of BST2 in HIV-1-infected cells. SCYL2
was originally identified as a poly-L-lysine—
stimulated kinase that phosphorylates the
B2 subunit of the adaptor protein AP-2 (50).
Although the idea of whether SCYL2 has
kinase activity is still controversial (52), a
subsequent study suggested that SCYL2 is
a multifunctional protein involved in mem-
brane trafficking between the frans-Golgi
and endosomes (51). Other studies have re-
ported a role for SCYL?2 in the clathrin-
mediated sorting of t-SNARE (target-soluble
N-ethylmaleimide—sensitive factor attach-
ment protein receptor) proteins (52) and in
the Wnt signaling pathway (59). Here, we
reveal an additional role for SCYL2 as an
inhibitor of viral release in HIV-1-infected
cells through its inhibition of the phospho-
rylation of Vpu.

A study predicted the existence of at
least 4000 as yet unidentified phosphoryl-
ation sites on hundreds of viral proteins (60).
Indeed, the phosphorylation of viral proteins
is one of the most important processes for
efficient viral replication and pathogenesis
(61). Previous biochemical analyses have re-
ported that the phosphorylation of Vpu on
key serine residues (Ser” and Ser®) is cat-
alyzed by CKII (29-31). Because CKIl is a
ubiquitously expressed serine and threonine
(Ser/Thr) kinase (62), the Ser> and Ser*®
phospho-acceptor sites are likely to be con-
stitutively phosphorylated in infected cells,
suggesting that dephosphorylation could
be a key step for exerting control over Vpu
function. However, the sequence requirements
of major cellular phosphatases are less spe-
cific than those of protein kinases (63), and
additional cofactors are likely needed for
phosphatases to target a specific substrate.
Indeed, many transporter or adaptor pro-
teins interact with subunits of phosphatases
to promote substrate recognition by these
dephosphorylating enzymes (64).

Although the phosphorylation of Vpu is
required for optimal anti-BST2 activity, the
precise molecular mechanism by which the
phosphorylation status of Vpu is controlled
has been elusive. The association of SCYL2
with both Vpu and PP2A suggests a pre-

these observations indicated that SCYL2 is itself [FN-inducible, and that by  viously unrecognized mechanism through which the activity of Vpu is

antagonizing Vpu function and consequently facilitating BST2-mediated re-
striction, SCYL2 stimulates the anti-HIV activity of type I IFN (Fig. 7G).

regulated by SCYL2-mediated recruitment of PP2A and dephospho-
rylation. Our data suggest that SCYL2 induces the dephosphorylation
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of Vpu, abrogating Vpu function and consequently inhibiting viral particle
release through BST2. Our model of the SCYL2-PP2A-Vpu virus-host
interaction is reminiscent of previously described interactions among
cellular proteins; for example, cyclin G recruits PP2A to Mdm?2 in a similar
manner to facilitate the dephosphorylation and functional modification
of Mdm?2 (65).

Our model, however, does not directly address the original role of SCYL2
as a component of clathrin-coated vesicles. Although the role of clathrin dur-
ing Vpu-induced BST2 inactivation is still uncertain, substantial data suggest
that a clathrin-dependent pathway contributes to the antagonism of BST2
by Vpu (19, 24, 66, 67). On the basis of our present findings that clathrin
is required for SCYL2 function with respect to Vpu, SCYL2 could conceiv-
ably inhibit Vpu by modulating clathrin-mediated membrane trafficking.
Of note in this regard, several studies have proposed that Vpu counteracts
BST2 at least partly through a B-TrCP—independent (phosphorylation-
independent) pathway (54, 55). Indeed, we observed that SCYL2 inter-
acted with a nonphosphorylated mutant of Vpu, as well as with wild-type
Vpu, implying that SCYL2 might interfere with the anti-BST2 activity of
Vpu irrespective of the phosphorylation status of Vpu. However, the phos-
phatase inhibitor OA almost completely abrogated the activity of SCYL2.
Moreover, SCYL2 did not affect the virion release of an HIV-1 derivative
encoding a nonphosphorylatable form of Vpu. Together, these results sug-
gest that the function of SCYL2 as a Vpu inhibitor is likely dependent on
the phosphorylation of the Vpu residues Ser’” and Ser®.

Our data indicate that human SCYL2 has no obvious efficacy against
ancestral Vpu, which suggests that the SCYL2-Vpu interaction might have
appeared during the evolution of primate lentiviruses. However, whether
SCYL2 from GSN monkeys might interfere with SIVggy Vpu and whether
primate SCYL2 has evolved to gain an antagonistic interaction with HIV-1
Vpu are currently unresolved questions. How can the acquisition of SCYL2-
binding activity by HIV-1 Vpu be reconciled with the seemingly inhibitory
function of SCYL2 on HIV-1 release? One possibility is that the SCYL2-
Vpu interaction is associated with an unrecognized benefit in some aspect
of the viral life cycle. For example, SCYL2 might increase the stability of
Vpu through dephosphorylation. Indeed, a previous report suggested that
nonphosphorylated Vpu is more stable than wild-type Vpu (68). Another
possibility is that the cycle of phosphorylation and dephosphorylation is
important for Vpu activity. Nonetheless, our observation that overexpres-
sion of SCYL2 inhibits the antagonism of BST2 by Vpu, whereas deple-
tion of endogenous SCYL2 has the opposite effect, suggests that, at least
with regard to this function, SCYL2 behaves as an inhibitor rather than a
cofactor of Vpu.

In addition to BST2, several factors induced by type I IFN contribute
to viral restriction during the late stages of virus assembly and release. For
example, the ubiquitin-like protein ISG15 specifically inhibits the ubiqui-
tination of Gag and its association with Tsg101, resulting in the restriction
of HIV-1 budding (40). A tripartite motif (TRIM) protein, TRIM22, is
another ISG that blocks HIV-1 assembly by disrupting the proper traffick-
ing of Gag to the plasma membrane (47). These restrictions are Vpu-
independent mechanisms because these factors either interact with Gag
or modulate its function. Our data demonstrate that type I IFN can also
trigger the dephosphorylation of Vpu through SCYL2 and thereby facil-
itate BST2-mediated viral restriction even in the presence of Vpu, im-
plying a regulatory role for SCYL2 among the array of IFN-mediated
antiviral host measures. In conclusion, our current study provides evi-
dence that the [FN-mediated antiviral response targets the posttranslational
maodification of Vpu and contributes to the inhibition of HIV-1 release from
infected cells. The molecular machinery underlying the posttranslational
modification of Vpu may thus be an attractive therapeutic target for the
treatment of HIV infection.

MATERIALS AND METHODS

In vitro protein production

A total of 412 complementary DNAs (cDNAs) encoding human protein ki-
nases were constructed as described previously (69). The protein production
method has been described previously (42, 70, 71). Briefly, DNA templates
containing a biotin-ligating sequence were amplified by split-PCR with
c¢DNAs and corresponding primers and then used with the GenDecoder pro-
tein production system (CellFree Science). For synthesis of HIV-1 Vpu pro-
tein, vpu genes derived from the pNLA4-3 proviral plasmid (72) were generated
by split-PCR and used as templates with the Wheat Germ Expression Kit
(CellFree Science) in accordance with the manufacturer’s instructions.

AlphaScreen-based protein-protein interaction assays
FLAG-tagged Vpu proteins were mixed with biotinylated kinases in 135 pl
of reaction buffer [20 mM tris (pH 7.6), 5 mM MgCl,, 1 mM dithiothreitol]
in a well of 384-well optiplates (PerkinElmer) and incubated at 26°C for
1 hour. The mixture was then added to AlphaScreen buffer containing anti—
immunoglobulin G (protein A) acceptor beads and streptavidin-coated donor
beads (0.1 ul each; PerkinElmer) and the anti-FLAG M2 antibody (5 pg/ml;
Sigma) and further incubated at 26°C. One hour later, AlphaScreen signals
from the mixture were detected with an EnVision device (PerkinElmer) with
the AlphaScreen signal detection program.

Cells and transfections

HEK 293T, HelLa, LLC-MK2, Jurkat, and H9 cells were cultured under stan-
dard conditions. Plasmid or siRNA transfection into adherent cells was per-
formed with the Effectene or Hiperfectamine transfection reagent (Qiagen),
respectively, in accordance with the manufacturer’s instructions. Transfection
of suspension cells with plasmids was performed with the Neon Transfection
System (Invitrogen) according to the manufacturer’s protocol.

Plasmids and viruses

Human SCYL2 (GenBank accession no. BC063798) full-length sequences
(1 to 929 amino acid residues) and deletion inserts (1 to 375, 1 to 697, and
376 to 929 amino acids) were amplified from pCMV6-XLA-SCYL2 (Origene)
with primer pairs containing restriction enzyme sites and a stop codon. These
inserts were subcloned into pPCMV-HA/pCMV-Myc vector (Clontech). Al-
ternatively, on the basis of bioinformatic predictions, the 3.3-kb fragment
upstream of the SCYL.2-encoding gene was amplified from HEK 293T
c¢DNA and subcloned into the pGLA4.10 firefly luciferase reporter vector
(Promega). A human codon-optimized HIV-1 Vpu expression vector (73)
and a Vpu-deleted HIV-1 molecular clone (74) were provided by K. Strebel
[National Institutes of Health (NIH), Bethesda, MD]. The Vpu(S52,56A)
mutants were constructed with standard molecular cloning procedures.
The construct encoding KSHV-K5 (75) was provided by P. Cannon (Uni-
versity of Southern California, Los Angeles, CA). The plasmids expressing
PP2A/A and PP2A( (76) were provided by A. Yamashita (Yokohama City
University, Kanagawa, Japan). The VSVG-pseudotyped virus stocks were
produced by transient transfection of HEK 293T cells with the pNL4-3
proviral clone and vectors expressing VSVG at a molar ratio of 3:1. After
48 hours, the culture supernatants containing virus were collected, filtered
through a 0.45-um Millex-HV filter (Millipore), and immediately stored at
—80°C until required.

siRNA, IFN treatments, and RT-PCR

An array of siRNAs targeting the genes shown in Fig, 1D, as well as BST?2,
CHC, and PP2A/A, was obtained from Qiagen and used as a mixture of three
different targeting sequences. In experiments involving SCYL2 knockdown,
we used at least two SCYL2-specific Stealth RNAI constructs (oligo ID
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HSS124796 and HSS183194, Invitrogen) to avoid off-target effects. Stealth
RNAi Luciferase Reporter Control (Invitrogen) was used as the negative con-
trol. For detection of SCYL2 mRNA in [FN-treated cells, total RNA was
extracted with the RNeasy Mini Kit (Qiagen) from cells treated with or with-
out recombinant human IFN-o (1000 U/ml; Sigma) or IFN-B (1000 U/ml;
PBL Biomedical Laboratories) for 6 hours before harvesting. The cDNA was
generated with ReverTra Ace (Toyobo) and an oligo(dT),o primer, and
then PCR was performed with Ex Taq (Takara Bio). The PCR primers used
were as follows: SCYL2, 5'-gggaatcagcaaattgacaaagttt-3’ (forward) and 5'-
agtccttagtotgtttaacagtage-3’ (reverse); ACTB, 5'-ggacttcgagcaagagatgg-3/
(forward) and 5’-agcactgtgttggegtacag-3' (reverse).

Single-cycle virus release assays

For transfection-based assays, cells in 12-well plates were cotransfected with
pNLA4-3 or pNLA-3AVpu (100 ng) and either an SCYL2 expression vector or
an empty vector (0, 50, and 100 ng) and cultured for 2 days. For infection-based
assays, cells were infected with the VSVG-pseudotyped HIV-1 at an MOI of
0.01 or 0.2 for 8 hours and cultured for 2 days (HeLa cells) or 4 days (H9 cells).
In experiments with sSiRNA, cells were transfected with a pool of siRNAs
24 hours before being either transfected with pNLA-3 or infected with virus.
Virus-containing supernatants were harvested and filtered to remove debris,
and viral p24 antigens were measured with an ELISA kit (Zepto Metrix). The
cell lysates were prepared with HBST buffer [10 mM Hepes (pH 7.4), 150 mM
NaCl, 0.5% Triton X-100] containing protease inhibitor cocktail (Roche). West-
em blotting analysis and the antibodies used have been described previously
(77). In some experiments, OA (Calbiochem) was added 18 hours before
harvesting, In experiments with IFN-, virus-producing cells were washed twice
with phosphate-buffered saline (PBS) and treated with IFN-B for 8 hours before
being harvested. The culture supernatants and cell lysates were subjected to p24
ELISA measurement or Western blotting analysis, as described earlier.

Flow cytometry

Cells in 12-well plates were transfected with vectors encoding Vpu (100 ng),
green fluorescent protein (GFP) (100 ng), and either HA-SCYL2 or empty
plasmid (0, 1, and 2 pg). Alternatively, vector encoding KSHV-KS was
used instead of vector encoding Vpu. Eighteen hours later, cells were har-
vested in PBS containing 5 mM EDTA and washed with PBS containing
1% bovine serum albumin (BSA). The cells were blocked with 10% normal
goat serum and then stained with an anti-BST2 antibody (a gift from Chugai
Pharmaceutical Co.) and a phycoerythrin (PE)-conjugated secondary an-
tibody (Beckman Coulter) or a PE/Cy7-conjugated anti-CD4 antibody
(BioLegend). All samples were fixed with 4% paraformaldehyde and ana-
lyzed with a FACSCanto II instrument (BD Biosciences) and FlowJo soft-
ware (Treestar) gated for the GFP-positive fraction.

Detection of pVpu

For phosphate-affinity (Phos-tag) gel analysis, cells in 12-well plates were
transfected with vectors encoding either wild-type Vpu or the Vpu(S52,56A)
mutant (100 ng) together with plasmid encoding SCYL2 (at 0, 500, or 1000 ng).
Two days later, cell lysates were loaded onto an 8% polyacrylamide gel
containing 50 uM MnCl, and 25 uM Phos-tag acrylamide (Wako). After
electrophoresis, gels were soaked in a general transfer buffer with 1 mM
EDTA for 10 min to eliminate Mn** ions and then subjected to Western blot-
ting analysis with anti-Vpu antibody (a gift from K. Strebel). A phospho-
specific polyclonal antibody against Vpu phosphorylated at Ser’” and Ser’®
was produced and purified by Scrum Inc.

Microscopy
One day before transfection, cells were seeded onto glass-bottomed dishes
(Matsunami). At 48 hours after transfection, the cells were fixed and stained

as described previously (77). Microscopic imaging was performed with an
FV1000-D confocal laser scanning microscope (Olympus) equipped with a
60x oil-immersion objective.

In vitro and in vivo binding assays

For in vitro GST pull-down assays, biotinylated SCYL2 was incubated
with either GST-Vpu or GST—dihydrofolate reductase (DHFR) at 26°C
for 2 hours before being co-incubated with glutathione-Sepharose beads
(GE Healthcare) at 4°C for 3 hours. The beads were then washed three times,
and bound proteins were analyzed by Western blotting with streptavidin—
horseradish peroxidase (HRP) conjugate (GE Healthcare). For immunopre-
cipitation analysis, cells expressing epitope-tagged proteins were lysed with
HBST buffer containing protease inhibitor cocktail (Roche). Cell lysates
were immunoprecipitated with EZview Red Affinity Gel (Sigma), and bound
proteins were analyzed by Western blotting.

Quantitative phosphatase assays

Phosphorylated or unphosphorylated Vpu peptides including Ser*? and
Ser’® (AEDSs,GNESsEGE) were chemically synthesized by Scrum Inc.
Cells in six-well plates were transfected with pCMV-HA-SCYL2. Two days
later, cell lysates were prepared with HBST buffer containing protease in-
hibitor cocktail alone or with 10 nM OA. Cell lysates were immunoprecipi-
tated with an anti-HA antibody and incubated with 10 pl of 1 mM of either
phosphorylated or unphosphorylated Vpu peptide in 50 pl of reaction buffer
[50 mM imidazole (pH 7.2), 200 uM EGTA, 0.25% B-mercaptoethanol,
BSA (0.1 mg/ml)] at 37°C for 8 hours. To stop the reactions, 50 ul of
20 mM ammonium molybdate was added to the mixture. The amounts
of free phosphate ion were measured by absorbance at 630 nm. Standard
curves were obtained with a Ser/Thr phosphatase assay kit (Promega)
according to the manufacturer’s instructions.

Luciferase reporter assays

Cells in 24-well plates were transfected with the pGLA-based luciferase reporter
plasmid and with pGL4-TK-Rluc (Promega) as a transfection control. Two
days later, cells were treated with IFN-B (1000 U/ml) for 8 hours before being
harvested. Luciferase activity was determined with a Dual-Luciferase Re-
porter assay system (Promega) and normalized to Renilla luciferase activity.

Statistical analysis

All graphs present the means and SDs. Statistical significance of differences
between two groups was tested by two-tailed unpaired ¢ test with Prism 6
software (GraphPad). In cases where multiple comparisons within an exper-
iment were made, one-way analysis of variance (ANOVA) was used. A P
value of <0.05 was considered statistically significant.

SUPPLEMENTARY MATERIALS

www.sciencesignaling.org/cgi/content/full/5/245/ra73/DC1

Fig. S1. Schematic representation of the initial screening method.

Fig. S2. The CKIl inhibitor DRB phenocopies the effect of increased SCYL2 abundance.
Fig. S3. SCYL2 fails to inhibit SIVggn Vpu—induced counteraction of BST2.

Fig. S4. SCYL2 inhibits Vpu function through a phosphorylation-dependent mechanism.
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Xenotropic murine leukemia virus-related virus (XMRV) is a virus generated under artificial
conditions by the recombination of 2 murine leukemia virus (MLV) proviruses, PreXMRV-1
and PreXMRV-2, during the in vivo passage of human prostate cancer cells in athymic nude
mice. The molecular etiology of XMRV infection has not been characterized and its
implication in human prostate cancer progression remains equivocal. As a step toward

Keywords: resolving this issue we developed an in vitro enzymatic assay system to characterize XMRV
XMRV protease (PR)-mediated cleavage of host-cell proteins. Enzymatically-active XMRV PR
Protease protein was synthesized using a wheat-germ cell-free system. By monitoring cleavage
Cell-free protein synthesis activity of XMRV PR by AlphaScreen and 2-color immunoblot analyses, we revealed that the
AlphaSceen catalytic activity of XMRV PR is selectively blocked by the HIV PR inhibitor, Amprenavir, and
identified several human tumor suppressor proteins, including PTEN and BAX, to be
substrates of XMRV PR. This system may provide an attractive means for analyzing the

function of retrovirus proteases and provide a technology platform for drug screening.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction evidence of this etiological link between XMRV and human

disease has been shown to date [3-5].

Xenotropic murine leukemia virus-related virus (XMRV) was
originally isolated from a human prostate cancer (PC) in 2006 [1].
This virus is highly homologous to several endogenous Murine
leukemia viruses (MLVs) found in mice [2]. Although previous
reports suggested the involvement of XMRV in PC as well as
chronic fatigue syndrome (CFS), as an etiological agent, no

* Corresponding author. Tel.: +81 45 787 2602; fax: +81 45 787 2851.
E-mail address: aryo@yokohama-cu.ac.jp (A. Ryo).

1874-3919/% - see front matter ® 2012 Elsevier B.V. All rights reserved.

doi:10.1016/j.jprot.2012.05.047

The nucleotide sequence of XMRV isolated from humans
indicates that the virus is nearly identical with the XMRV
isolated from the human prostate tumor cell line 22Rv1 [6]. This
cell line was generated by serial passage of human prostate
tumor tissue in nude mice. Sequence analysis revealed that the
genomes of these mouse strains contain two different proviral
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DNAs related to XMRV (Pre-XMRV-1 and 2). It appears that these
proviral genomes recombined to produce the XMRV isolated
from 22Rv1 cells. It is plausible that the reported association of
XMRV with human disease is due to contamination of human
samples with virus originating from this recombination event
in mice prior to the analysis.

While XMRV arose from an unusual recombination, several
lines of study have indicated that XMRV can indeed infect, and
proliferate in, several human prostate cancer cell lines including
LNCaP and PC3 [7]. It is of significance that dihydrotestosterone
(DHT) was shown to stimulate transcription and replication of
XMRV through the transactivation of the XMRV-LTR via the
hormone response element (HRE) [8]. Mutations in the HRE of
XMRV impaired basal transcription and androgen responsive-
ness, suggesting a relationship between virus productivity and
prostatic hypertrophy and neoplasia.

If XMRV is indeed an etiological agent in PCs, detection
and elimination of XMRV infection could provide an effective
strategy for early diagnosis and treatment of this tumor. To date,
however, conflicting epidemiological data has precluded in-
vestigations into whether the virus is truly pathogenic or not
and, moreover, whether this virus is oncogenic and associated
with human PCs.

Retroviral protease (PR) is essential for virus replication and
has been the major target for anti-retroviral therapy. Concom-
itant with particle release, the virally-encoded PR cleaves Gag
into its four mature protein domains; MA, CA, NC and p12, in
case of XMRV. Gag-Pol is also cleaved by PR, creating the viral
enzymes RT, IN and PR itself. The maturation step coupled with
PR activation is essential to confer viral infectivity. Therefore,
for the effective inhibition of XMRV infection, should this virus
be found to be pathogenic, development of anti-retroviral drugs
targeting the XMRV protease would seem logical.

Several recent studies have indicated that viral-protease
cleavage of host proteins that promotes viral replication and
cytopathic effects [9-11]. It remains elusive whether this is the
case for XMRV PR. One of the major bottlenecks in PR research
has been the difficulty in producing recombinant protein with
enzymatic activity in conventional cell-associated protein
expression systems (e.g. E. coli or insect cell) due to host cell
toxicity.

The wheat germ protein production system is a robust in
vitro cell-free protein synthesis system comprising a crude
wheat germ extract containing ions (buffer) and all the
macromolecular components required for protein translation
(e.g. ribosomes, tRNAs, aminoacyl-tRNA synthetases, initiation,
elongation and termination factors) [12,13]. The extract is
further supplemented with amino acids, energy sources such
as ATP, energy generating systems and cofactors for efficient
and abundant protein production. This system is a powerful
tool for the preparation of multiple proteins at one time, and
large amounts of specific proteins for both biochemical and
biomedical applications. It also enables synthesis of specific
proteins that are difficult to express and/or purify in E. coli or
other cell-based systems. The wheat germ system can produce
a wide variety of proteins, including viral proteins, in sufficient
amounts for functional assays. Furthermore, this system can
yield enzymatically-active proteins in their naturally folded
state owing to the constituent eukaryotic translation and
folding machinery.

In our current study, we utilized the wheat germ cell-free
system to synthesize catalytically active XMRV PR for the
identification of potential inhibitors and substrates. By this
approach we delineated a molecular link between XMRV PR
and human tumor suppressor proteins pointing to a potential
role in oncogenesis.

2. Materials and methods

2.1.  Construction of DNA template for transcription and
the protein expression

DNA templates were made using the Gateway and split-primer
polymerase chain reaction (PCR) systems [12,14,15]. The tumor
suppressor genes were amplified from MGC, a human cDNA
resource purchased from Danaform (Tokyo, Japan).

The XMRV protease fragment was amplified by PCR from
XMRV VP62 clone [1,16] using the following forward and reverse
primers, respectively: (5'-GGGGACAAGTTTGTACAAAAAAGCA-
GGCTTCATGAAGGACTGCCCAAAGAAGCC-3') and (5'-GGGGAC-
CACTTTGTACAAGAA AGCTGGGTCTTATAGAGGAACATCTGG-
CTC-3'). For HIV-1 protease, cDNA fragment was amplified by
PCR from HIV-1 NL4-3 clone by using the following forward and
reverse primers, respectively: (5'-CCACCCACCACCACCAATG-
TTTTTTAGGGAAGATC-3’) and (5'-TCCAGCACTAGCTCCA-
GATTAGCCATCCATTCCTGGC-3'). Subsequently, attB-flanked
fragment were amplified by PCR using attB1-S1 primer (5'-
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCCACCCACCACCA-
CCAATG-3') and attB2-T1 primer (5'-GGGGACCACTTTGTACAA-
GAAAGCTGGGTCTCCAGCACTAGCTCCAGA-3'). The single
Capsid (CA) and Nucleocapsid (NC) fragment of XMRV Gag
(control substrate), and the 24 tumor suppressor gene fragments
(test substrates) were amplified by two-step PCR (without stop
codon). The first round of PCR was performed on using 10 nM of
S1 (forward) primer (5'- CCACCCACCACCACCAatg(n)19-3') and
T1 (reverse) primer (5'-TCCAGCACTAGCTCCAGA(n)19-3)). The
second round of PCR was carried out using the first PCR product
as template, with 100nM of attB1-FLAG-S1 (forward) primer (5'-
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGACTACAAG-
GATGACGATGACAAGCTCCACCCACCACCACCAATG-3") and
T1-biotin ligase site (bls)-stop-attB2-anti (reverse) primer (5'-
GGGGACCACTTTGTACAAGAAAGCTGGGTTTATTCGTGCCA-
CTCGATCTTCTGGGCCTCGAAGATGTCGTTCAGGCCGCTTCC-
AGCACTAGCTCCAGA-3') [17].

The amplified attB-flanked fragments were each inserted into
the pDONR221 vector using the Gateway BP Clonase II enzyme
mix (Invitrogen, Carlsbad, CA, USA) to give pDONR-XMRV PR
vector and pDONR-FLAG-gene-bls vectors, respectively.

PDONR-XMRV PR and pDONR-FLAG-CA/NC-bls vectors were
subcloned into pEU-E01-GW [18] to generate the pEU-based-
plasmids by LR reaction. BP and LR reactions were performed
according to the manufacturer’s instructions (Invitrogen). PCR
reactions were performed using PrimeStar enzyme according to
the manufacturer’s instructions (Takara Bio, Otsu, Japan).

For HIV-1 PR substrate, the p2-p7 fragment in HIV-1 Gag
precursor was amplified by PCR from HIV-1 NL4-3 clone by
using the following forward and reverse primers, respec-
tively: (5'-GAGACTCGAGGCCGAGGCCATGAGCCAGG-3') and
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(5'-GAGCGGTACCTTATTCGTGCCACTCGATCTTCTGGGCCTC-
GAAGATGTCGTTCAGGCCATTAGCCTGCCTCTCGGTGCA-3').
The p2-p7-bls fragment was inserted into the pEU-E01-GST-
MCS vector (Cellfree Sciences, Yokohama, Japan). The tran-
scription template from pEU vector was amplified using the
following forward and reverse primers, respectively: SPu primer
(5'-GCGTAGCATTTAGGTGACACT-3’) and AODA2303 (5'-GTCA-
GACCCCGTAGAAAAGA-3). PCR was carried out using the
TaKaRa Ex Taq (Takara Bio Inc, Shiga, Japan) according to the
manufacturer’s instructions.

DNA templates of human genes for transcription were
constructed using split-primer PCR in two steps as described
previously [18]. For the first step, S1 primers and pDONR221-
1st_4080 (5'-ATCTTTTCTACGGGGTCTGA-3'}) or AODA2306
(5'- AGCGTCAGACCCCGTAGAAA -3') were used. For the second
step, the primers SPu and pDONR221-2nd_4035 (5'-ACGTTAAGG-
GATTTTGGTCA-3') or AODA2303 were used to generate the final
DNA template for transcription.

2.2. Cell-free protein synthesis

In vitro transcription and cell-free protein synthesis was
performed as described previously [19]. Transcripts were
made from each of the DNA templates mentioned above
using SP6 RNA polymerase. The synthetic mRNAs were then
precipitated with ethanol, collected by centrifugation and
washed. Each mRNA (typically 30-35 ug) was added to the
translation mixture and the translation reaction was per-
formed in the bilayer mode [20] with slight modifications. The
translation mixture that formed the bottom layer consisted of 60
A260 units of wheat germ extract (CellFree Sciences) and 2 ug
creatine kinase (Roche Diagnostics K. K., Tokyo, Japan) in 25 ul
SUB-AMIX solution (CellFree Sciences). SUB-AMIX contained
(final concentrations) 30 mM Hepes/KOH at pH 8.0, 1.2 mM ATP,
0.25 mM GTP, 16 mM creatine phosphate, 4 mM DTT, 0.4 mM
spermidine, 0.3mM each of the 20 amino acids, 2.7 mM
magnesium acetate, and 100 mM potassium acetate. SUB-AMIX
(125 pl) was placed on the top of the translation mixture, forming
the upper layer. After incubation at 16 °C for 16 h, protein
synthesis was confirmed by SDS-PAGE. For biotin labeling, 1l
(50 ng) of crude biotin ligase (BirA) produced by the wheat germ
cell-free expression system was added to the bottom layer, and
0.5 uM (final concentration) of D-biotin (Nacalai Tesque, Inc.,
Kyoto, Japan) was added to both upper and bottom layers, as
described previously [21].

2.3.  Detection of cleavage activity of XMRV protease by
luminometry

In vitro cleavage activity assays of XMRV protease were
carried out in a total volume of 15 pl consisting of 100 mM
Tris-HCl pH 8.0, 0.01% Tween-20, 1 mg/ml BSA, 1pl crude
recombinant protease (~0.75puM) and 0.5 ul crude recombi-
nant FLAG-biotin-tagged CA/NC (~0.037 pM) at 37°C for 1 h in
a 384-well Optiplate (PerkinElmer, Boston, MA, USA). To assay
the effects of HIV protease inhibitors on XMRV protease, after
3 ul recombinant viral protease and HIV protease inhibitor
was incubated at 37 °C for 10 min, FLAG-biotin-tagged CA/NC
or GST-biotin-tagged p2-p7 was added and the reaction
further incubated at 37 °C for 1h in a 384-well Optiplate. In

accordance with the AlphaScreen IgG (Protein A) detection kit
(PerkinElmer) instruction manual, 10 ul of detection mixture
containing 100 mM Tris-HCI pH 8.0, 0.01% Tween-20, 1 mg/ml
BSA, 5 pg/ml Anti-FLAG antibody (Sigma-Aldrich, St. Louis, MO,
USA) or Anti-GST antibody (GE Healthcare, Buckinghamshire,
UK), 0.1 ul streptavidin-coated donor beads and 0.1 pl anti-
1gG (Protein A) acceptor beads were added to each well
followed by incubation at 26 °C for 1 h. Luminescence was
analyzed by the AlphaScreen detection program. Each
assay was performed in triplicate, and the data represent
the means and standard deviations of three independent
experiments.

2.4.  Detection of cleavage activity by immunoblotting

3 ul crude recombinant viral protease (~0.75 pM) and 7 ul crude
FLAG-biotin-tagged recombinant proteins were incubated at
37 °C for 2 h. To assay the effect of HIV protease inhibitors, 3 pul
crude recombinant XMRV protease and 1ul of 10uM HIV
protease inhibitor were incubated at 37 °C for 10 min followed
by addition of 6pul crude FLAG-biotin-tagged recombinant
proteins, and incubated at 37 °C for 120 min. Proteins were
separated by SDS-PAGE and transferred to a PVDF mem-
brane (Millipore Bedford, MA, USA) according to standard
procedures. Immunoblot analysis was carried out with anti-
FLAG (M2) antibodies (Sigma-Aldrich) or Streptavidin-HRP
conjugate (GE Healthcare) according to the procedure described
above. For fluorescent imaging, immunoblotted proteins were
detected by Alexa592-anti-mouse antibodies (N-cleaved frag-
ments), and Alexa488-streptavidin (C-cleaved fragments). The
labeled proteins were visualized using a Typhoon Imager (GE
Healthcare).

2.5. Homology modeling of XMRV PR in complex with APV

To predict interactions between XMRV PR and APV, we
performed homology modeling [22] of the complex structure
formed between XMRV PR and APV using the Molecular
Operating Environment (MOE) software ver. 2008.10. (Chemi-
cal Computing Group, Canada). Firstly, the homologues of
XMRV PR were searched for with the MOE-search PDB module
from the MOE homology databank. Secondly, to minimize
misalignments of the target sequence, multiple alignments
were made using sequences of the homologues and those of
HIV-1 PR (PDB code: 1HPV) and HTLV PR (PDB code: 3LIN) with
the MOE-Align module. The aligned sequences showed that
amino acids at the active site of HIV-1, HTLV PRs and those
likely to be at the active site of XMRV PR were comparatively
conserved, suggesting a structure of HIV-1 PR with APV (PDB
code: 1HPV) would be appropriate for a template structure to
predict interactions between XMRV PR and APV. Thirdly,
homology modeling was performed with MOE-Homology,
using the structure of HIV-1 PR in complex with APV (PDB
code: 1HPV) as a template structure. During the modeling, the
MMFF94x force field and the GB/VI implicit solvent function
[23] were applied for energy calculation. In this study, we
predicted ten structures of the complex, and selected the
structure with the lowest energy as the model for the XMRV
PR-APV complex.
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3. Results

3.1.  Synthesis of an enzymatically active XMRV PR using
the wheat germ cell-free system

To synthesize enzymatically-active XMRV PR, we generated
a transcription template of this enzyme derived from the
XMRV VP62 clone. The template cDNA encodes the open
reading frame of XMRV PR flanked by N-terminal 20 amino
acid and a C-terminal 20 amino acid regions, as shown in
Fig. 1A (PR; 20aa-PR-20aa). This PR differs from the synthe-
sized inactive native PR template by an introduced substitu-
tion of the termination codon at the 3’-terminus of the Gag
coding sequence for Glu-coding codon (CAG) to avoid transla-
tional termination at the end of Gag protein. As a catalytic-
incompetent PR, we also designed a PR mutant harboring the
catalytic active site substitution D32N (PR_D32N) (Fig. 1A). All 3
cDNA templates were subjected to cell-free transcription-
translation. The protein yield of XMRV PR produced by this
system was approximately 0.75 uM and the solubility was ~90%,
as calculated by semi-quantitative CBB staining following SDS-
PAGE (Fig. 1B). By immunoblotting (IB), two specific protein
bands appeared at 14 kDa and 17 kDa, corresponding to the
expected mobility of the full-length PR and the truncated form
of PR by auto-cleavage of the flanking 20 a.a. at both ends
(Fig. 1B). The auto-cleavage site of the XMRV PR was also
confirmed by amino acid sequencing of the truncated protein
band (Fig. 1C).

We next examined the enzymatic activity of the XMRV PR by
monitoring its cleavage activity upon a native FLAG-pr55%%8
protein substrate. Wheat germ-synthesized XMRV PR was
incubated with FLAG-pr55%°€ protein followed by immunoblot-
ting analysis. p55°% was efficiently digested into the expected
cleavage products (FLAG-MA-p12 and FLAG-MA) predicted from
the known cleavage sites (Fig. 1D).

3.2.  Evaluation of protease activity using AlphaScreen

For the quantitative and high-throughput measurement of
XMRV PR activity using AlphaScreen technology, we designed a
reporter substrate comprising a partial capsid (CA)-nucleo
capsid (NC) junction peptide flanked by N-terminal FLAG and
C-terminal biotin binding sequence (FLAG-CA/NC-biotin), as
described in Materials and methods [14,15]. Fig. 2A shows a
schematic representation of our assay system. Briefly, cell-free
synthesized active XMRV PR, its D32N mutant or dihydrofolate
reductase (DHFR) as a negative control, were incubated with the
reporter substrate at 37 °C for 1 h, followed by the addition of
AlphaScreen streptavidin donor and protein A acceptor beads
as depicted in Fig. 2A. The cleavage of the reporter substrate was
measured by level of luminescence (Fig. 2A). Wild-type XMRV
PR, but not D32N_PR diminished the Alphascreen luminescent
signal indicating proteolytic cleavage of the reporter polypep-
tide (Fig. 2B). The cleavage activity of PR was normalized
relative to the luminescent activity of DHFR (Fig. 2C). Parallel
immunoblot analysis with an anti-FLAG antibody demon-
strated that the substrate protein was selectively cleaved by
PR alone (Fig. 2D).

3.3.  Screening of XMRV PR inhibitors by AlphaScreen

We next tested whether our assay system is applicable for drug
screening targeting XMVR PR. As an initial approach, we
examined the susceptibility of XMRV PR to six HIV-1 PIs: SQV
(saquinavir), APV (amprenavir), IDV (indinavir), NFV (nelfinavir),
DRV (darunavir) and LPV (lopinavir). Although all HIV-1 PIs
tested showed marked inhibitory effects on HIV-1 PR, only two
of them, APV and DRV, were found to block the activity of XMRV
PRat the 1 pM concentration (Fig. 3A). This was also confirmed
by IB of the blockade of cleavage of the reporter polypeptide
containing the CA-NC junction (Fig. 3B). We next determined
the ICso value by titration of PIs (Fig. 3C). For XMRV PR, the ICso
values for APV, DRV, IDV and LPV were 0.2 uM, 1.0 pM, 60 uM
and 17 puM, respectively. We next delineate the sensitivity of
XMRV PR to APV in comparison with HIV-1 PR. Parallel
experiment using recombinant HIV-1 PR and XMRV PR proteins
revealed that ICso values for APV was 34.7 nM in HIV PR and
200 nM in XMRV PR, respectively (Fig. 3D). These results indicate
that this assay system can provide a tool to screen for selective
PR inhibitors.

Retroviruses often exhibit drug resistant properties against
anti-retrovirals due to their highly frequent genomic muta-
tion. We next asked whether our assay system is useful for
investigating drug-resistant properties of XMRV PR. To predict
the sites of interaction between APV and XMRV PR, we
modeled the three-dimensional (3D) complex of XMRV PR
bound to APV. A recently published report on the crystal
structure of XMRV PR shows that XMRV PR has a structural
topology similar to that of HIV-1 PR [24]. Thus, we constructed
our 3D structural model of the XMRV PR-APV complex by
homology modeling, using the X-ray crystal structure of the
HIV-1 PR-APV complex as a starting template (Fig. 4A). The
constructed model indicates that APV interacts with aspartate
Asp32 of the catalytic domain of XMRV PR, and also contacts
the residues Val39, Lys61, Tyr90, and Leu92. Moreover, a water
molecule would intermediate interactions between APV and
Ala57 of the PR. A sequence alignment of PRs between XMRV
and HIV-1 shows that the Val39, Ala57, Lys61, Tyr90, and Leu92
in XMRV PR are corresponding to the Val32, 11e50, 1le54, Val82,
and Ile84 in HIV-1 PR, respectively (Fig.4B). These residues in
HIV-1 PR are reported to be important for interactions between
HIV-1 PR and APV and associated with viral resistance against
APV [25].

We then created selected site-directed mutants (V39I, K61L,
AS57V, V39I/A57V, Y90A/L92V) and investigated the catalytic
activity and drug-resistant properties of these mutants to APV
(Fig. 4C). As shown in Fig. 4C, V39I and A57V substitutions
resulted in significantly (P<0.01} (Fig. 4C} higher drug resistance
as compared with wild-type PR. This effect resulted in the 2.8-
fold drug-resistance based on ICsqg value (Fig.4D). These results
indicate that our current assay system can predict drug-
susceptibility of mutated proteases and may be useful for drug
development targeting XMRV PR.

3.4.  Identification of human proteins cleaved by XMRV PR
As it is known that viral proteases can cleave cellular proteins

[26-28], we hypothesized that XMRV PR might be capable of
digesting human proteins. As a representative demonstration
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we selected twenty-four tumor suppressor proteins and
synthesized them with N-terminal FLAG and C-terminal
biotin tags by wheat cell-free system. These tester proteins
were then incubated with XMRV PR followed by 2-color
immunoblot analysis (Fig.5B). The result revealed that XMRV
PR, but not DHFR as a negative control, can digest 4/24 tumor
suppressor proteins examined: BAX, PTEN, DKK3 and ARL11
(Fig. 5C). Cleavage of the tumor suppressor proteins by XMRV
PR was clearly inhibited by APV (Fig. 5D). For BAX and PTEN,
the cleavage sites by XMRV PR were determined by peptide
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sequencing of the C-terminal cleavage products (Fig. 5E). The
cleavage sites were found to be located in functional domains
of both proteins, suggesting that proteolytic digestion by
XMRV PR may diminish the native function of these tumor
suppressor proteins by proteolytic digestion.

Since XMRV PR and HIV-1 PR have some similarity and can
both be inhibited by APV, it is highly possible that XMRV PR
can cleave the same substrates as HIV-1 PR. To this end, we
tested whether XMRV PR could cleave two reported HIV-1 PR
substrates, caspase-8 and NDR2 [28,29]. Interestingly, XMRV
PR was found to digest caspase-8 although the cleavage site
was distinct from that of HIV-1 PR. In contrast, XMRV PR was
not able digest NDR2. Conversely, HIV-1 PR did not cleave Bax
whereas XMRV PR can cleave it. Furthermore, both proteases
could not cleave p53. These results indicate that there is
certain substrate specificity of retroviral proteases toward
host proteins (Fig. 6).

4, Discussion

In the current study, we developed a cell free protease assay
with XMRV PR which can evaluate the cleavage activity via
AlphaScreen or immunoblot analysis. We demonstrate the
advantage of utilizing wheat cell-free system that was able to
systematically produce catalytically active viral protease with
a large amount for biochemical assays. Furthermore, our in
vitro enzymatic assay revealed that APV is a potent inhibitor
of XMRV PR. We have also delineated the physical interaction
between APV and XMRV PR and identified the amino acid
residues involved in the binding. Finally, we demonstrated
the substrate specificity for XMRV PR as compared with HIV-1
PR. These results might reveal that our current assay system
is a powerful tool to characterize viral proteases and to screen
their specific inhibitors.

XMRV is a virus that was generated as the result of a
unique recombination event between two endogenous MLV-
like viruses in a nude mouse carrying the CWR22 prostate
cancer xenograft [6]. Although XMRV is an unusual virus,
XMRV has been associated with prostate cancer [2]. In fact, the
human cell line 22Rv1, which was established from a human
prostate tumor (CWR22), produces infectious XMRV particles
[30]. While the absence of XMRV in non-prostatic tumors

Fig. 1 - Synthesis of enzymatically active XMRV protease (PR) by
wheat cell-free protein production system. A. Construction of
expression vector of XMRV PR for wheat cell-free synthesis. TAG
(stop) codon between Gag and PR was substituted for CAG (Q)
codon. Non-active form of PR was generated by the substitution
of AAT (N) for catalytic center GAT (D). B. XMRV PRs (DHFR as a
negative control) were separated by SDS-PAGE followed by
CBB-stained (left panel) and immunoblotting using anti-XMRV
PR antibody (right). The arrows depict protein products.

C. Amino acid sequence of XMRV PR. The arrows indicate
self-cleavage site in XMRV PR. D. Cleavage of XMRV Gag by
XMRV PR produced by wheat cell-free system. XMRV PR was
incubated with cell-free synthesized FLAG-tagged XMRV Gag
(arrow), and the cleaved Gag was detected by immunoblot
analysis with anti-FLAG antibody.

— 113 —



4868

JOURNAL OF PROTEOMICS 75 (2012) 4863-4873

A XMRV-Gag
e

bls (Biotin ligation site)

Wheat germ
protein synthesis .
g + active PR
(@) Biotin /
=
. . \
FLAG-CA/NC-Biotin + inactive PR

/——— Low Signal -———\

B C D &
< 60 - E‘ 120 - (kDa]
< 2 1004 97.2
- ° 66.4
5 %‘ 80
172
g S 60- 45.0 €= FLAG-CA/NC-Biotin
c oo
% g 40
£ s 20 4 29.0
E £ |
3 k]
K (1] 201 <= NC-Biotin

Streptavidin-HRP

Fig. 2 - Development of a cleavage activity assay for XMRV PR using the luminescent assay AlphaScreen. A. Schematic diagram
of the substrate construction of XMRV PR and detection system for the cleavage activity of XMRV PR by luminescent analysis.
Substrate was designed as XMRV Gag capside (CA) and nucleocapside (NC) flanked by N-terminal FLAG and C-terminal biotin
(FLAG_CA-NC_biotin). PR was incubated with the substrate, for 1 h at 37 °C. Subsequently, protein A-conjugated acceptor beads
with anti-FLAG antibody and streptavidin coated donor beads were added and bound to the tagged substrate. Upon laser
excitation, Donor beads convert ambient oxygen to a singlet oxygen. In the case of non-activity PR, singlet oxygen transfers
across to activate Acceptor beads and subsequently emit light at 520-620 nm. In the case of active PR, no light is produced
because the singlet oxygen can not transfer from Donor beads to Acceptor beads due to the distance (>200 nm). B,C,D. Cleavage
activity of XMRV PR was quantitated by the luminescent assay (Fig.2B). Actual cleavage of XMRV Gag substrate was also
confirmed by immunoblotting with streptavidin-HRP (Fig.2D). The arrow indicates the band for the non-cleaved substrates

(FLAG_CA/NC_biotin).

remains controversial [31], XMRV can however proliferate in
other human prostate cancer cells such as LNCaP or PC3
without severe cytopathic effects [32]. Such conditions of
persistent infection without cell death could conceivably lead
to prolonged exposure of host cell proteins to XMRV PR,
increasing their susceptibility to cleavage with oncogenic
consequences. The important question remains, however, as to
whether this virus has indeed tumorigenic capability. Previous
reports have indicated that XMRV integration is characterized by
a strong preference for transcriptional start sites, CpG islands,
and DNase-hypersensitive regions, all features that are frequent-
ly associated with structurally-open transcription regulatory

regions of the chromosome in prostate cancer cells [33].
Integration of XMRV occurs preferentially in actively-transcribed
genes and gene-dense regions within the chromosome [33].
Oncogenic properties of XMRV have been investigated in cell
culture models. Although XMRV has been reported to lack direct
transforming activity, the virus is able to induce low rates of
transformation in cultured fibroblast cells [34]. Therefore, the
molecular link between XMRV infection and cell transformation
merits further investigation.

Our current data demonstrates that APV is a potent
antagonist of XMRV PR. During the preparation of this manu-
script, Li et al. reported the crystal structure of complexes
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Fig. 3 - Drug screening for XMRV PR based on the cleavage activity. A,B. XMRV protease (+) or DHFR (-) was pre-incubated with
indicated HIV PIs (SQV, saquinavir; APV, amprenavir; IDV, indinavir; NFV, nelfinavir ; DRV, darunavir; LPV, lopinavir; 1 pM

each) and then subjected to AlphaScreen. Luminiscent AlphaScreen signal (upper panel) and relative enzymatic activity (lower
panel) were listed. C. Conformation of the cleavage of the tester polypeptide by immunoblot analysis with anti-FLAG antibody.

D. Dose-response curve of XMRV PR with HIV PIs using AlphaScreen (upper panel). ICs, values were calculated for each
inhibitor (lower panel). E. Dose-response curve of XMRV PR and HIV-1 PR with APV using AlphaScreen (upper panel).

ICs, values were calculated for each protease (lower panel).

formed between XRMV PR and several protease inhibitors,
including APV [24,35]. In the current study we moved a step
closer to clarifying the molecular interactions between XMRV PR
and APV during drug-resistance, by developing an effective cell-
free in vitro protease assay for XMRV PR. This assay revealed that
an Ala57Val substitution induced significant drug-resistance to
APV regardless of the integrity of the protease activity. The data

indicates that this cell-free assay is useful for analyzing the drug-
resistance properties of retroviral proteases.

Proteases often modify the activities of their target substrates
[36]. Identification of the specific substrates cleaved by viral PR is
of great significance for understanding the molecular eticlogy of
virus infection. Proteomic studies with mass spectrometry could,
theoretically, exhaustively identify the cellular proteins cleaved
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Fig. 4 - Prediction of the amino acid residues of XMRV PR interacting with APV. A. The predicted 3D-structure for the interaction
between XMRV PR and APV. This homology modeling was based on the HIV-1 PR and APV complex as a template. B. Sequence
alignment of XMRV PR and HIV-1 PR. The amino acids related to interaction of APV with HIV-1 PR and the corresponding amino
acids in XMRV PR are highlighted with red letters. C. Cleavage activity of XMRV PR-WT and its mutants in the presence of 1 pM
APV or equivalent amount of DMSO (control). Lower panel is cleavage activity and inhibitory efficiency (APV value/DMSO value)
for each XMRV PR. D. Dose-response curve of the inhibitory rate of PR-WT or PR-A57V by APV.
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A Gene bank c b B Biotin ligation
leavage by site
No.| Symbol accais:ion aa| Da XMRV PR N FLAG :
1_JANXA1_| BC001275| 34§ 38714 No
2 GJBZ | BCO17048]| 226 26215 No
3 ARL11__|BC013150] 194 21391 Yes
4 RND3__|BC012513| 244 27364 No FLAG
5 FHIT | BC032336] 147 16858 No )
5 KCNRG | BC032343] 274 31048 No
7 ISFRP1_ | BC036503]| 314 35386 No
8 WNT5A | BC0O64694| 380 42339 No cleavage +PRorNC
9 ISMAD3 | BC050743| 425 48081 No reaction
10 p21 BC000312| 164 18119 No
11 NME1__|BC000293| 154 17149 No antibody ;
12 &!AL BC000458| 153 16714 No Western B[oﬂmg N-terminal
13 |SPINT2_| BC001668| 25 28224 No a-FLAG antibody
14 ISLC39A1| BC003152| 324 34250 No g’;;g:;‘:;’em 594
15 ICHEK2 | BC004207 | 544 60918 No -terminal
16 DKK3__ | BC007660] 350 38291 Yes Streptavidin Alexa 488
17 [TIMP3__ | BC014277| 211 24148 No
18 BAX BC014175| 192 21184 Yes
19 JALPL | BC021289| 524 57309 No Full-length protein
20 [CST6 | BC031334| 149 16510 No (Yeliow) ,
21 KLF5 | BC042131] 457 50792 No Cleaved N-terminal protein
22 CAV1 | BC082246] 17820472 No (Green)
23 PTEN | BC005821]| 409 47166 Yes &‘ig‘;ea C-terminal protein
24 [TP53 | BC003596] 394 43653 No
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Fig. 5 - Screening of host proteins cleaved by XMRV PR in vitro. A. The list of human tumor suppressor proteins tested in this
study. B. Scheme of the tester proteins construction and the cleavage assay system by immunoblotting. The genes were
amplified by PCR with primer sets containing either FLAG or biotin ligation site (bls) in the flanking sequence, respectively. The
recombinant host proteins flanking FLAG and biotin (FLAG-X-biotin) were incubated with XRMV PR at 37 °C for 2 h followed by
SDS-PAGE. The proteins were detected using anti-FLAG-Alexa592 antibody (green) and Alexa488-conjugated streptavidin
(red). Full-length protein is seen as a yellow band. C. Tester proteins were treated with XMRV PR or carrier. 2-color immunoblot
analysis was performed as in Materials and methods. D. Tester proteins were treated with XMRV PR in the absence or presence
of amprenavir. Inmunoblot analysis was performed as in C. E. Identification of the cleavage site in the XMRV PR amino acid
sequence.
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Fig. 6 - Comparative analysis of host proteins cleaved by XMRV PR and HIV-1 PR. The recombinant host proteins flanking FLAG
and biotin (FLAG-X-biotin) were incubated with either XRMV PR or HIV-1 PR at 37 °C for 2 h followed by SDS-PAGE. The proteins
were detected using anti-FLAG-Alexa592 antibody (green) and Alexa488-conjugated streptavidin (red). Full-length protein is

seen as a yellow band. Arrows depict the cleavage products.

by retroviral proteases in infected cells. However, this cell-based
will run into difficulty identifying individual substrates if several
host proteases act simultaneously on the substrate. To circum-
vent this potential problem we developed the cell-free in vitro
method for the identification of substrates cleavable by XMRV PR.
Wheat extracts purified rarely include endogenous proteases that
can interfere with the proteolytic reaction, making them suitable
for the cell-free protease assay.

Tumor suppressor proteins play a major role in preventing
tumor initiation. Our current results demonstrate that XMRV PR
can cleave PTEN and BAX tumor suppressors as well as the
intrinsic substrate XMRV Gag. It has been reported that the
C-terminal region of PTEN is important for the protein’s
stability, and the C-terminal deletion mutant is degraded
rapidly in cells [37]. Since XMRV cleaves within the C-terminal
region, the native function and stability of PTEN might be
abrogated by XMRV infection. The N-terminal region of BAX has
been demonstrated to mediate its activity in apoptosis [38]. We
demonstrated in the present study that XMRV PR can cleave the
N-terminal region of BAX, suggesting that XMRV infection
might affect the activity of BAX protein.

A biochemical approach to the evaluation of PR-inhibitor
susceptibility has been attempted previously using several
related methods [39,40]. The essence of each of these pro-
cedures is the synthesis of catalytically-active PR and sub-
strate peptide and inhibitor in vitro, and measurement of the
amount of substrate cleavage. The advantage of this approach
is that it can directly detect the catalytic activity of PR. However,
it is often difficult to produce sufficient quantities of enzymat-
ically active viral PR in conventional cell-based protein expres-
sion systems such as E. coli or insect cells. In our current study,
we successfully created catalytically-active XMRV PR in a cell-
free system that, when mixed with a reporter substrate flanked
with N- and C-terminal fluorophores, substrate cleavage could
be assayed by AlphaScreen or 2-color IB. This approach directly
evaluates the cleavage activity of the PR and, in addition,
cleavage sites can be estimated by the size of cleavage products.
The current availability of full-length cDNA libraries, derived

from higher eukaryotes, will facilitate the in vitro synthesis of
full-length proteins, making this cell-free system approach
could further be applicable to the assay of a broad range of, not
only viral, but also host proteases.

5. Conclusion

We have delineated the molecular and enzymatic character-
istics of XMRV PR by utilizing wheat-germ cell-free protein
synthesis and AlphaScreen. Furthermore, we have devel-
oped an in vitro cleavage assay for drug screening based on
the enzymatic activity. Our results suggest that XMRV-
protease cleavage of certain host proteins and inhibited by
APV. Further in vivo studies with XMRV-infected cells will be
necessary to confirm a molecular link between XMRV and
human diseases.
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Ribosomal production and in vitro selection of natural
product-like peptidomimetics: The FIT and RaPID systems
Christopher J Hipolito and Hiroaki Suga

Bioactive natural product peptides have diverse architectures
such as non-standard sidechains and a macrocyclic backbone
bearing modifications. In vitro translation of peptides bearing
these features would provide the research community with a
diverse collection of natural product peptide-like molecules
with a potential for drug development. The ordinary in vitro
translation system, however, is not amenable to the
incorporation of non-proteinogenic amino acids or genetic
encoding of macrocyclic backbones. To circumvent this
problem, flexible tRNA-acylation ribozymes (flexizymes) were
combined with a custom-made reconstituted translation
system to produce the flexible in vitro translation (FIT) system.
The FIT system was integrated with mRNA display to devise an
in vitro selection technique, referred to as the random non-
standard peptide integrated discovery (RaPID) system. It has
recently yielded an N-methylated macrocyclic peptide having
high affinity (K4 = 0.60 nM) for its target protein, EGAP.
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Introduction

Bioactive natural product peptides are biosynthesized by
either ribosomal translation machinery or nonribosomal
peptide synthetases (NRPSs) and derivatized by post-
translational modification enzymes or tailoring NRPS
enzymes, respectively [1]. Unlike ordinary peptides, these
‘non-standard’ peptides are chemically diversified with D-
amino acids, unique sidechains, N-methylation, and macro-
cyclic backbones (Figure 1). In the case of NRPSs, this
diversity is largely attributed to the multidomain NRPSs’
ability to activate and modify amino acids before conden-
sation. Domains are grouped into modules, and each
module is in general responsible for the activation, modi-
fication and condensation of a single amino acid. Nature
arranges these modules into an assembly line so that an

exact peptide sequence can be produced in an NRPS-
templated manner. The idea of producing custom non-
standard peptides or their de novo libraries has attracted
many researchers and driven efforts toward engineering
NRPSs, but manipulating the modular NRPS components
to create tailored non-standard peptides has thus far met
limited success owing to their mechanistic and functional
complexities. Presumably, directed evolution of NRPSs,
similar to the recent work reported by Fischbach ez a/. [2] as
well as Evans er a/. [3], may lead to a solution of this
herculean challenge in order to achieve the goal of con-
structing de novo libraries in the future.

Biosynthetic pathways involving post-translational modi-
fication enzymes are less complex than those involving
NRPSs. In fact, genetic and mechanistic studies on such
enzymes have increased our knowledge of essential
recognition elements in substrates, enabling us to design
non-natural substrates. Moreover, recent studies using
synthetic peptides as well as coupling with ## vive incorp-
oration of an artificial amino acid has allowed for the
expansion of substrate repertoires [4-7]. Thus, continuing
such efforts will lead us to the goal of synthesis of de novo
libraries and, ultimately, discovering bioactive com-
pounds with new chemical scaffolds against therapeutic
targets of interest.

As a completely different technology, recent advances in
artificial manipulation of the genetic code have shown the
potential to produce natural product-like non-standard
peptides by using translation machinery (vide infra). In
this technology, unlike the above two biosynthetic pro-
cesses, the sequences of such non-standard peptides are
encoded in messenger RNA (mRNA) or its parental
DNA. This feature facilitates the construction of their
de novo libraries with high sequence complexities and,
moreover, enables us to devise a one-pot screening (or
selection) system to discover active non-standard pep-
tides. In this review, we shall focus on discussing this
emerging new technology.

Genetic code reprogramming as a distinct
alternative approach

Genetic code reprogramming, which allows for a variety
of non-standard amino acids to be incorporated by using

-sense codon suppressions, is a technique that was intro-

duced within the last decade [8,9]. Genetic code repro-
gramming in general requires the use of a reconstituted 7
vitro translation system [10]. For instance, Forster ¢f a/.
demonstrated in 2003 that reconstitution of only limited
members of Escherichia coli translation factors (initiation
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Figure 1
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Structure of cyclosporin A, a nonribosomal peptide. Non-standard
sidechains, N-methyl groups, a p-amino acid, and a macrocyclic peptide
backbone are highlighted by yellow ovals, orange ovals, a blue oval, and
a green doughnut, respectively.

factors IF1-3, elongation factors EF-Tu, G, and 'I's)
together with fMet-tRNA™®*.,; and 70S ribosomes
constituted a translation system with universally vacant
elongator codon boxes. Subsequent refilling of three
vacant boxes with three artificial amino acids by the
addition of their aminoacyl-tRNAs resulted in successful
expression of fMet-initiated tri-peptides or tetrapeptides
[8]. Although this experiment was performed under single
turnover conditions, it represented the first example of
formatting codon boxes and reprogramming the genetic
code by reconstituting the translation apparatus.

Since the Forster’s demonstration, two methods, which are
technically more advanced but both achieved through
genetic code reprogramming, have been reported. Szostak
eral. used a reconstituted £. co/i translation system based on
the protein synthesis using recombinant elements (PURE)
system in which certain amino acids were depleted to make
vacant codon boxes [10-12]. This method relied on the
ability of some aminoacyl-tRNNA synthetases (ARSs) to
mischarge a wide array of non-standard amino acids onto
cognate tRNAs under conditions lacking the cognate pro-
teinogenic amino acids. The resulting mischarged non-
standard amino acids were assigned to the vacant codon
boxes by the tRNAs, thus allowing for expression of pep-
tides containing multiple non-standard amino acids. The
virtue of this method is the simplicity; the undesired amino
acids were simply substituted with non-standard amino
acids in the PURE system, and peptide translation could
be performed. On the contrary, shortcomings also exist in
this method. Since the choices of non-standard amino acids
rely on the mischarging properties of ARSs, they often fall
into the category of ‘proteinogenic-like’ non-standard
amino acids. Moreover, even though a certain set
of proteinogenic amino acids was not added to the PURE

system, because ribosomes and ARSs are not completely
proteinogenic amino acid-free (i.e. they carry over some
amino acids into the PURE system), contaminating amino
acids could compete with non-standard amino acids for
incorporation. Particularly, since the proteinogenic amino
acids are intrinsically much better substrates for ARSs,
elongation factors, and ribosomes, their trace amount of
competitive incorporation against non-standard amino
acids is difficult to avoid. Therefore, the application of
this method to e #ovo library synthesis of non-standard
peptides must be carefully tuned in a balance of choice
between non-standard amino acids and codons having the
least contaminants of cognate proteinogenic amino acids.

T'he second method, developed by our group, also uses a
reconstituted K. co/i translation system, but the genetic
code reprogramming relies on the preparation of desired
non-standard aminoacyl-tRNAs by a e novo catalytic sys-
tem based on flexizymes [13]. Flexizymes are flexible
tRNA acylation ribozymes of which the prototype ribo-
zyme was artificially selected from a random pool of RNA
sequences. Reviews on the history and catalytic abilities of
flexizyme can be found in recently written articles [14-17].
In brief, flexizymes are short ribonucleotides consisting of
45 or 46 nucleotides in length, and recognize specific
leaving groups of amino acid esters. Since flexizymes
strictly recognize neither sidechain nor amino group of
given amino acids, they are able to charge a wide variety of
non-proteinogenic (as well as proteinogenic) amino acids
onto tRNAs. Moreover, the recognition of tRNA by flex-
izyme is dictated by the interaction of flexizyme’s 3’-end
motif with tRNA’s 3’-end sequence via only 3 base pairs,
that s, neither body nor anticodon sequences of tRNNAs are
involved. "This feature grants flexizymes the ability to
charge any kind of tRNA. Integration of the flexizymes
with a reconstituted translation system, such as the PURE
system, allowed us to devise a highly versatile peptide
expression system with regards to the choice of amino acids
and tRNAs. We refer to this system as the flexible 7z vitro
translation (FI'T) system [18].

The flexible in vitro translation (FIT) system

The FI'T system is a translation apparatus comprised of two
main groups of components. One group is made up of
reconstituted E. co/i translation components (IF1-3, EF-
Tu, EF-G, EF-Ts, release factors RF2 and RF3, ribosome
recycling factor RRF, methionine trans-formylase MTF
and select ARSs), 70S ribosome, and desired proteinogenic
amino acids [18]. By omitting the components (amino acids
and ARSs) corresponding to specific codon boxes, vacant
codon boxes are made available for non-proteinogenic
amino acids. The other group of components is made up
of the desired non-proteinogenic amino acids charged, by a
flexizyme or flexizymes, onto orthogonal tRNAs (otRNAs)
that correspond to the vacant codon boxes and are inert with
the ARSs present in the FI'T system. Their addition to the
above custom-made translation apparatus complements
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