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Figure 1. ETV6/FLT3 induces a rapidly fatal MPD in primary recipient mice, which transformed into T-LBL and MPD during serial passage. (A) (a)
Splenomegaly associated with MPD. (b) Representative May-Giemsa-stained peripheral blood smear of the diseased mouse ( x 100). (c, d)
Representative hematoxylin and eosin-stained bone marrow (c) and spleen (d) of the diseased mouse ( x 20). (B) Flow cytometric analysis of
cells from the peripheral blood of vector control and E/F-1 mice. The percentages of cells in quadrants of interest are shown. (C) Survival curve
for recipients of bone marrow transduced with a vector control (n=38), E/F-1 (n=13), Y589/591F mutant (n=11), kinase-inactive K644R
mutant (n = 9) or deletion mutant of the HLH oligomerization domain of ETV6 (AHLH) (n = 8). Mice transplanted with a vector control, K644R,
or AHLH remain free of disease 180 days after transplant. Survival data are cumulative from two or three separate experiments for all retroviral
constructs. (D) (a) Macroscopic examination of a secondary recipient with T-LBL (b and ¢) Hematoxylin and eosin-stained lymph node (b) and
liver (c) of the diseased mouse ( x 100 and x 20, respectively). (E) Kaplan-Meier survival analysis of the secondary recipients. Most secondary
recipients succumbed to T-LBL or/and MPD. Pairs of recipients transplanted with cells from the same primary donor are indicated by numbers.
(F) Proviral integrations in cells isolated from primary and secondary recipients. Genomic DNA isolated from the indicated tissues of a wild-
type (WT) mouse (lane 1), a primary MPD mouse (lanes 2 and 3) and four secondary T-LBL mice receiving bone marrow and spleen from the
same primary MPD mouse (lanes 4-10) was digested with EcoRl and analyzed for proviral integrations by hybridization with a DIG-labeled
EGFP probe. Lanes 4-6 are DNAs from the tumors of mice with T-LBL. Lanes 7-10 represent lineage analysis from a single secondary mouse,
which developed both MPD and T-LBL (2.4). The peripheral blood of the 2.4 mouse contained 83.5% EGFP " Mac-1* and 10.6% EGFP " Thy-1+
cells, and the liver of the 2.4 mouse contained 27.2% EGFP*Mac-1" and 58.8% EGFP*Thy-1" cells at the time of euthanization. The MACS-
sorted liver myeloid (Mac-1*) and T cells (Thy-17) from this mouse were 98.1% and 98.4% pure, respectively. DNA size markers (in kb) are
shown on the right. liv, liver; PB, peripheral blood; spl, spleen; tum, tumor.

were unable to bind Grb2, but not in 2F and 3F-1 mutants
(Figure 2d). To examine the contribution of Grb2 binding to ETV6/
FLT3-induced MPD in vivo, we performed BMT experiments. White
blood cell (WBC) counts and spleen weights of the mice receiving
5F-transduced bone marrow were significantly lower than
those receiving E/F-1-transduced bone marrow (Supplementary
Table S1). Flow cytometric analyses of spleen cells showed that 5F
mice had a reduced fraction of Mac-1"/Gr-1" cells compared
with E/F-1 mice (Supplementary Figure S5A). 5F mice showed
significantly less infiltrate in the hepatic lobules or periportal areas
than the E/F-1 mice (Supplementary Figure S5B). Recipients of
both 2F and 3F-1 developed rapidly fatal MPD with a comparable
latency to those of E/F-1. Survival of 5F and 3F-2 mice was
significantly prolonged compared with that of E/F-1 and E/F-2
mice, respectively (55 days vs 18 days, 73 days vs 13 days,
respectively; P<0.001; Figure 2e), although most 5F and 3F-2
recipient mice eventually succumbed to MPD.

Finally, we compared the ability of ETV6/FLT3 to transform
primary myeloid cells from the bone marrow of Gab2 ™/~ and
Gab2/* mice. Expression of E/F-1 in Gab2 ™/~ cells resulted in
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an approximately threefold lower number of cytokine-indepen-
dent CFU-C (Supplementary Figure S6A). We assessed the relative
contribution of the Gab2 gene to ETV6/FLT3-mediated leukemo-
genesis in BMT experiments using Gab2 =/~ and Gab2 /™ donor
mice. All mice transplanted with Gab2*/* bone marrow cells
expressing ETV6/FLT3 developed severe MPD (median WBC,
236 x 10%/ul;  spleen  weight, 561mg), as expected
(Supplementary Figure S6B). ETV6/FLT3-induced myeloprolifera-
tion was attenuated in mice transplanted with Gab2 ™/~ bone
marrow cells expressing ETV6/FLT3 (median WBC, 31 x 103/J,LI;
spleen weight, 350 mg). Survival of mice injected with Gab2™'~
bone marrow cells expressing E/F-1 was significantly prolonged in
comparison with those injected with Gab2 */* cells (56 days vs 21
days, P<0.001; Figure 2f), although all recipients of Gab2~/~
background bone marrow cells eventually succumbed to MPD.
Our results suggest that ETV6/FLT3 has more potent oncogenic
activity than FLT3-ITDs and can transform progenitor cells with the
capacity to differentiate into myeloid and lymphoid progeny,
supporting the contention that human ETV6/FLT3-positive MLN-eo
is a stem cell disorder. Unlike FLT3-ITDs, mice that received the

© 2012 Macmillan Publishers Limited
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Figure 2. Both ETV6 and FLT3 portions contribute to ETV6/FLT3-mediated leukemogenesis via Grb2-Gab2 pathway. (a) Schematic
representation of ETV6/FLT3 fusion proteins including the series of Grb2-binding site mutants. The point of fusion is indicated by a vertical
dotted line. E/F-1 was cloned by us. E/F-2 was cloned previously (Vu et al.®). (b) Coimmunoprecipitation: lysates from Ba/F3 cells expressing the
indicated ETV6/FLT3 proteins were immunoprecipitated using an anti-Grb2 antibody and blotted with anti-FLT3 (top) and anti-Grb2 (middle)
antibodies. Whole-cell lysates were also blotted with the anti-FLT3 antibody (bottom). As a control, lysates from vector-transduced cells were
included. Three independent experiments were performed and representative data are shown. (c) Activation of downstream targets was
demonstrated by blotting the whole-cell lysates of Ba/F3 cells with the indicated phosphospecific antibodies. After stripping, the membranes
were reprobed with the indicated total antibodies. Three independent experiments were performed and representative data are shown.
(d) Cytokine-independent colony formation of whole bone marrow cells expressing ETV6/FLT3 wild-type or Grb2-binding mutants. The
difference between E/F-1 and 5F (*) and between E/F-2 and 3F-2 (**) is statistically significant (P<0.001, unpaired t-test). Data are the
mean % s.d. of three independent experiments. (e) Survival curve for recipients of bone marrow transduced with ETV6/FLT3 and Grb2-binding
mutants. Both E/F-1 and E/F-2 mice caused rapidly fatal MPD. 5F mutant mice and 3F-2 mutant mice developed MPD with a longer median
survival of 55 and 73 days, respectively (P<0.001 vs E/F-1 and E/F-2, respectively). One of the 5F mutant mice died of severe anemia without
showing any signs of MPD. Survival data are cumulative from two or three separate experiments for all retroviral constructs. (f) Survival
curve for recipients of Gab2 =/~ and Gab2 */* bone marrow transduced with a vector control or E/F-1. The P-value represents a comparison
of survival by E/F-1 on Gab2 ™/~ vs Gab2*/* background.

Y589/591F mutant of ETV6/FLT3 also developed a lethal MPD with
a short latency. The reason for the discrepancy between ETV6/
FLT3 and FLT3-ITDs is not clear. This may be due to altered
structural conformation of ETV6/FLT3 relative to wild-type FLT3 or
alternatively, it may be due to different subcellular localization of
the fusion protein and FLT3-ITDs.'*'® Recently it was reported that
sunitinib and sorafenib, tyrosine kinase inhibitors with multiple

© 2012 Macmillan Publishers Limited

targets including FLT3, had therapeutic efficacy in two patients
with ETV6/FLT3-positive MLN-e0.® Unfortunately, similar to most of
the patients with FLT3-[TD-positive AML, relapse and resistance
occurred in both patients. Although clinical application of Grb2
inhibitors remains limited to just a phase | trial of a liposomal
antisense for hematological malignancies, the results of the
current study indicate therapeutic potential against Grb2 in

Leukemia (2012) 1-4
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patients with ETV6/FLT3-positive MLN-eo. In addition, previous
studies have shown that the Grb2-Gab2 pathway also has an
important role in FLT3-ITD-mediated cell proliferation and
survival.'>'> These findings suggest that inhibition of this
pathway may be useful in the treatment of FLT3-associated
leukemia.
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Xenotropic murine leukemia virus-related virus (XMRV) is a virus created through recombination of two
murine leukemia proviruses under artificial conditions during the passage of human prostate cancer cells
in athymic nude mice. The homodimeric protease (PR) of XMRV plays a critical role in the production of
functional viral proteins and is a prerequisite for viral replication. We synthesized XMRV PR using the

Keywords: wheat germ cell-free expression system and carried out structural analysis of XMRV PR in a complex with
XMRV an inhibitor, amprenavir (APV), by means of NMR. Five different combinatorially ">N-labeled samples
zgl)ltﬁzz protein synthesis were prepared and backbone resonance assignments were made by applying Otting’s method, with
NMR which the amino acid types of the ['H, '>N] HSQC resonances were automatically identified using the five

samples (Wu et al,, 2006) [14]. A titration experiment involving APV revealed that one APV molecule
binds to one XMRV PR dimer. For many residues, two distinct resonances were observed, which is
thought to be due to the structural heterogeneity between the two protomers in the APV:XMRV
PR = 1:2 complex. PR residues at the interface with APV have been identified on the basis of chemical shift
perturbation and identification of the intermolecular NOEs by means of filtered NOE experiments. Inter-
estingly, chemical shift heterogeneity between the two protomers of XMRV PR has been observed not
only at the interface with APV but also in regions apart from the interface. This indicates that the struc-
tural heterogeneity induced by the asymmetry of the binding of APV to the XMRV PR dimer is transmitted
to distant regions. This is in contrast to the case of the APV:HIV-1 PR complex, in which the structural
heterogeneity is only localized at the interface. Long-range transmission of the structural change identi-
fied for the XMRV PR complex might be utilized for the discovery of a new type of drug.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Xenotropic murine leukemia virus-related virus (XMRV) has
been implicated in prostate cancer [1] and chronic fatigue syn-
drome [2]. These reports have attracted much attention since a
causal relationship between a retrovirus and a human disease
had only been known for HIV and AIDS [3]. After several years of
controversial research, a recent study has indicated that XMRV

* Corresponding authors. Address: Institute of Advanced Energy, Kyoto
University, Gokasho, Uji, Kyoto 611-0011, Japan (M. Katahira).
E-mail addresses: nagatat@iae.kyoto-u.acjp (T. Nagata), katahira@iae.kyoto-u.
acjp (M. Katahira).

0006-291X/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.bbrc.2012.07.083

was generated through the recombination of two proviruses
during the passaging of human tumors in mice [4]. Thus, XMRV
is as not yet regarded as an etiological agent for human diseases,
however, it can be considered as a rational example of a gamma-
retrovirus that can infect human cells and replicate within them.
Proteases (PRs) of viruses such as those of the HIV-1 and
hepatitis C ones have been prime targets for antiviral drug
development. Although hundreds of inhibitors have been discov-
ered for HIV-1 PR for example, only a few of them are potent anti-
protease drugs that are in clinical use [5]. Additionally, long-term
administration of these drugs causes the emergence of drug-
resistant mutants [6]. It is expected that a detailed description of
the interaction between a newly found protease of the retrovirus



124

A. Furukawa et al./Biochemical and Biophysical Research Communications 425 (2012) 284-289 285

family and its cognate substrate or inhibitor may provide valuable
information.

XMRV PR is a homodimer, each subunit (protomer) comprising
125 amino acids with a single catalytic Asp residue [7,8]. XMRV PR
processes viral polyproteins to yield mature proteins required in
the viral life cycle, as is the case for HIV-1 PR. The sequence iden-
tity between and similarity of these two proteins are 21% and 27%,
respectively, over 99 amino acid residues with a single gap (se-
quences aligned with Clustalw2 [9,10]). The crystal structures of
XMRV PR have been solved in both the free form and complex
forms with several inhibitors [7,8]. The fold of XMRV PR is similar
to that of HIV-1 PR. The overall structural similarity between the
protomer of XMRV PR (PDB ID: 3NR6; [7]) and that of HIV-1 PR
(99 amino acids; PDB ID: 3HVP; [11]) in the free form was found
to be 1.04 A of RMSD over 53 C* atoms (calculated using CHIMERA
[12]).

In the present study, we used our established wheat germ pro-
tein production system to obtain otherwise cell-toxic XMRV PR
[13]. This system allowed us to obtain not only a large amount of
free and amprenavir (APV)-bound XMRV PR, but also uniformly
and combinatorially isotope-labeled samples. The latter isotope-la-
beled samples made it possible to apply Otting’s rapid assignment
strategy [14] in combination with conventional protocols [15]. It
was critical to utilize this strategy for accomplishment of the
assignments. We found that the asymmetry of the binding for
the APV:XMRYV PR = 1:2 complex results in the structural heteroge-
neity between the two protomers of XMRV PR at the interface, and,
but more importantly, in regions distant from the interface. In the
case of the binding of APV to HIV-1 PR, in contrast, the asymmetry
causes structural heterogeneity only at the interface.

2. Materials and methods
2.1. Sample preparation

XMRV PR comprising 1-125 residues with an additional threo-
nine residue at the C-terminal end, was synthesized by means of
our wheat germ cell-free expression system as an N-terminal glu-
tathione-S-transferase (GST) fusion protein. The XMRV PR frag-
ment was cloned by PCR from the XMRV VP62 clone [16,17]
(UniProt ID: A1Z651) and subcloned into pEU-E01-GW [18] with
the DNA sequences of the GST gene and Tobacco Etch Virus Prote-
ase (TEV) cleavage site. This plasmid DNA was subjected to in vitro
transcription and cell-free protein synthesis with the wheat germ
protein production system [13]. Cell-free protein production was
carried out using the ENDEXT.AN. Wheat Germ Expression Kit
and according to the instructions provided by the supplier (Cell-
Free Sciences Co. Ltd., Matsuyama, Japan). The cell-free protein
production and cleavage purification were also carried out using
an automatic robot, Protemist DTII (CellFree Sciences Co. Ltd.),
basically according to manufacturer’s instructions. GST-XMRV PR
was synthesized either in the absence or presence of APV. After
the synthesis, the protein solution was loaded onto a Glutathi-
one-Sepharose 4B column (GE Healthcare), and the bound GST-
XMRV PR was washed thoroughly with PBS buffer. Subsequently,
GST-fused TEV protease (Nacalai Tesque) was applied to cleave
the XMRV PR off on-column. The XMRV PR was then collected
and dialyzed against either 20 mM sodium phosphate (pH 6.5),
50 mM NaCl and 10 pM APV for the APV-bound XMRV PR or
20 mM Tris-HCl (pH 8.0) and 50 mM NaCl for APV-free XMRV
PR. As substrates for protein synthesis, isotropically labeled amino
acids were used to synthesize uniformly >N- and '°N, *C-labeled
([U-'>N] and [U-'3C, U-">N], respectively) XMRV PRs. Five different
combinatorially **N-labeled samples of XMRV PR were prepared
following Otting’s labeling scheme, as shown in Fig. 1C [14].

2.2. NMR spectroscopy

For XMRV PR in a complex with APV, NMR spectra were
acquired at 22.9 °C using Bruker 600 and 950 MHz spectrometers
each equipped with a cryoprobe. Data were processed and ana-
lyzed using NMRPipe [19] and Kujira [20]. The sample solutions
comprised 0.1-0.3 mM protein in a complex with APV, 20 mM so-
dium phosphate (pH 6.5), 50 mM NacCl, 10 pM APV, and 5% D,0.
The amino acid in ['H, '>N] HSQC spectra were identified using
the five different combinatorially >N-labeled samples according
to Wu et al. [14]. Sequential assignments of the main chain reso-
nances were made by means of conventional triple resonance
experiments [15,21,22]. The main chain 'HY and '>N chemical
shift heterogeneity between the two protomers in the APV:XMRV
PR=1:2 complex was defined as {(A§'HV)?+(As'°N/5)%}'7,
where AS'HN and A6'°N are the chemical shift differences be-
tween the two protomers for *HY and >N resonances, respec-
tively. The secondary structures of XMRV PR in a complex with
APV was identified based on '>C* '3C? and '*C’ chemical shift
values [23]. The intermolecular NOEs between XMRV PR and
APV were obtained from 2D [F1, F2] '3C, '®N-filtered NOESY
(120 ms mixing time), 2D [F2] '3C, ">N-filtered NOESY (120 ms
mixing time), 3D [F1] '3C, *N-filtered, [F2] '*C-edited NOESY
(120 ms mixing time) [24], and 3D '3C-edited NOESY (78 ms
mixing time) spectra.

For free XMRV PR, NMR spectra were acquired at 15.0 °C using a
Bruker 600 MHz spectrometer equipped with a cryoprobe. The
sample solutions comprised ~0.1 mM protein, 20 mM Tris-HCl
(pH 8.0), 50 mM NacCl and 5% D,0. Partial assignments of the main
chain 'HN and "N resonances were made using 3D '’N-edited
NOESY spectra utilizing on the assignments for the XMRV PR-
APV complex as a reference. The main chain 'HY and '>N chemical
shift perturbations between the free and APV-bound forms of
XMRV PR were defined as {{As'HY)? + (A5'°N/5)?}'/2, where As'HN
and AS™N are the chemical shift differences between the free and
APV-bound forms for 'HN and >N resonances, respectively. For the
APV-bound form, the average of the chemical shift values for the
two protomers was used to calculate the differences.

3. Results and discussion

3.1. Characteristics of the ['H, >N] HSQC spectrum of the XMRV PR in
complex with APV

We have successfully obtained cell-toxic XMRV PR by using a
cell-free protein synthesis system in both the presence and ab-
sence of APV. Moreover, we were able to prepare [U-'°N] and
[U-13C, U-3N] labeled, and five different combinatorially ’N-la-
beled samples of XMRV PR, all of which critically facilitated our
NMR analyses.

First, titration with APV was carried out. Disappearance of the
resonances of XMRV PR in the free state and simultaneous appear-
ance of new resonances for the APV-bound form were observed in
the ['H, '>N] HSQC spectrum during the titration. This indicates
that the free and bound forms of XMRV PR are in a slow exchange
regime on an NMR time scale. Such spectral changes for XMRV PR
were seen until APV:XMRV PR=1:2, but no further change was
seen on further addition of APV. This indicates that the stoichiom-
etry is one APV molecule per one XMRV PR dimer (two XMRV PR
monommers).

Each protomer comprises 126 amino acid residues, including 12
proline ones, If the homodimer exhibits symmetry, maximally 113
backbone resonances are expected to be observed, because those of
the N-terminus and proline residues do not appear. However, the
['H, 1>N] HSQC spectrum contained more than 1.5-times as many
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Fig. 1. (A) ['H, "N} HSQC spectrum of uniformly '>C, N-labeld XMRV PR in a complex with APV. (B) Superposition of the ['H

, 15N] HSQC spectra of five different

combinatorially **N-labeled XMRV PRs (1-5 of (C)) in a complex with APV, colored red, cyan, green, magenta and blue, respectively. (C) Five different combinatorial labeling
schemes [14]. (D) Comparison of the secondary structures of XMRV PR in a complex with APV between the crystal [8] and solution (this work) states. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

backbone resonances as expected (Fig. 1A). This observation re-
veals that the APV-bound XMRV PR exhibits asymmetry.

3.2. Sequence-specific resonance assignments and identification of the
secondary structure of the XMRV PR in a complex with APV

We applied Otting’s strategy, with which amino acids could be
automatically identified on the basis of the comparison of five
spectra [14]. Assignments of the 'HY, ®N, 13C*, 13CF, and 3¢’ back-
bone resonances of XMRV PR in complex with APV were carried
out with the knowledge of the amino acid. Almost all of the ob-
served resonances were successfully assigned. It was found that
two distinct backbone resonances were observed for many resi-
dues of XMRV PR in a complex with APV, which resulted in more
than 1.5 times as many backbone resonances as expected. The
observation of two distinct peaks for many residues must be due
to that the two protomers of the XMRV PR dimer are not identical
to each other in the APV:XMRV PR = 1:2 complex.

The secondary structure of the XMRV PR in a complex w1th APV
was identified according to the 3C% '*CP and *C’ chemical shift
values [23] (Fig. 1D). It was noticed that the two protomers exhib-
ited almost identical secondary structures. The solution structure
of XMRV PR in a complex with APV turned out to be basically

the same as the crystal structure, which was solved recently [8],
as shown in Fig. 1D.

3.3. Binding mode of APV as to XMRM PR in solution

The quality of the ['H, '>N] HSQC spectrum of APV-free XMRV
PR appeared to be rather poor due to line broadening of resonances
in comparison with in the case of APV-bound XMRV PR. By com-
paring the spectral patterns of the 3D '’N-edited NOESY spectra
between the APV-bound and APV-free forms of XMRV PR, we
achieved partial assignment of the main chain 'HN and N reso-
nances of APV-free XMRV PR. It was found on this analysis that
only one set of resonances was observed for APV-free XMRV PR.
This indicates that the two protomers are symmetric as to each
other in the APV-free form. We then calculated the chemical shift
perturbations of the backbone resonances of XMRV PR upon APV
binding, and mapped them onto the crystal structure (Fig. 2A).
The largest perturbations were observed for the residues located
close to APV in the crystal structure (Fig. 2A). This strongly sug-
gests that in solution APV resides at a similar position to as ob-
served in the crystal.

In order to further confirm the interface of XMRV PR with APV,
identification of intermolecular NOEs was attempted. First, the 'HN
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Fig. 2. (A) Mapping of the 'HV, >N chemical shift perturbations between the APV-free and APV-bound forms of XMRV PR onto the crystal structure of the APV:XMRV PR
complex (PDB accession number 3SM2). The N- and C-termini of the two protomers are denoted by N and C, and N’ and C', respectively. (B) 2D [F2] '3C, "*N-filtered NOESY
(120 ms mixing time) (blue) and 2D [F1, F2] *3C, 3N-filtered NOESY (120 ms mixing time) (red) of XMRV PR in a complex with APV. The assigned intermolecular NOE peaks
for XMRV PR and APV are labeled. (C) APV bound to XMRV PR in the crystal (PDB accession number 3SM2). The protomers of XMRV PR are shown in yellow and gray,
respectively. APV, is colored magenta. (D) Chemical structure of APV. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

resonances of APV bound to XMRV PR were assigned using the 2D
[F1, F2] 3C, >N-filtered NOESY spectrum (Fig. 2B). Secondly, the
intermolecular NOEs between XMRV PR and APV were discrimi-
nated by comparing the 2D [F1, F2] C, *N-filtered NOESY and
2D [F2] 3¢, ">N-filtered NOESY spectra (Fig. 2B). That is, NOEs ob-
served in the latter spectrum but not in the former one were
judged to be intermolecular NOEs. Finally, these intermolecular
NOEs were assigned by combinational use of the 3D [F1] '°C,
15N-filtered, [F2] **C-edited NOESY, 3D *C-edited NOESY, and 3D
15N-edited NOESY spectra. Consequently, we were able to identify
and assign the intermolecular NOEs between APV (P1, P1/, P2 and
P2'), and either the methyl groups of A35, V39, V54, A57, L83
and 192 or the aromatic ring of Y90 (Fig. 2B). These intermolecular
NOESs turned out to be fully consistent with the crystal structure of
the APV:XMRV PR complex. All of the listed amino acid residues
are indeed located close to APV in the crystal structure (Fig. 2C).
This revealed that in solution APV binds to XMRV in the same man-
ner as observed in the crystal.

3.4. Long-range transmission of the structural heterogeneity between
two protomers in the APV:XMRV PR complex

The "HN, 15N chemical shift heterogeneity of the backbone reso-
nances between the two protomers of XMRV PR in a complex with
APV was calculated and mapped onto the crystal structure of the

XMRV PR:APV complex (Fig. 3A). It turned out that chemical shift
heterogeneity was observed not only at the APV-binding site (D32,
A35, Q36 and L92), but also at positions distant from the APV-bind-
ing site (S38, L73, H80, S81, L97 and L122). This suggests that the
structural heterogeneity occurs not only at the interface with APV
but also in these regions in the APV:XMRV PR = 1:2 complex.

Then, we examined the structural heterogeneity of the crystal
structure of the APV:XMRV PR complex. The backbone atoms of
the two protomers were superimposed and the differences in posi-
tion between the C* atoms of the two protomers were calculated to
estimate the structural heterogeneity in the crystal. The C*-C* dis-
tance was mapped on the crystal structure of the APV:XMRV PR
complex (Fig. 3B). It is found that structural heterogeneity is pres-
ent not only at the interface with APV but also in regions distant in
the crystal structure too. Thus, it was found that the structural het-
erogeneity exhibits long-range transmission in the APV:XMRV
PR = 1:2 complex in both solution and crystal states.

3.5. Long-range transmission of the structural heterogeneity is specific
to the APV:XMRV PR complex, not being observed in the APV:HIV-1 PR
complex

Next, we examined if the long-range transmission of the struc-
tural heterogeneity occurs for PR of another virus, HIV-1. The 'HY,
SN chemical shift heterogeneity between the two protomers of
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HIV-1 (D25N) PR in a complex with a peptide substrate was calcu-
lated using the previously reported data [25]. Here, heterogeneity
in solution was analyzed for the peptide-bound form, because
NMR data on HIV-1 in a complex with APV are not available. It
has been confirmed that the mutant (D25N) and wild-type HIV-1
PRs exhibited essentially identical backbone chemical shift values,
except for those of mutated residue 25 and adjacent residues [25].
Since the peptide substrate is larger than APV in size and has a
highly asymmetric structure, this system could be used instead
to compare the heterogeneity between the XMRV and HIV-1 PRs.
The chemical shift heterogeneity values were mapped onto the
crystal structure of the HIV-1 PR (D25N) in a complex with APV
(Fig. 3C). The chemical shift heterogeneity was mostly observed
for residues located close the substrate/inhibitor-binding site. This
indicates that the structural heterogeneity is localized around the
substrate binding site and that the structural heterogeneity is not
transmitted to distant regions in the HIV-1 PR, which is in contrast
to the case of the XMRV PR.

In order to further confirm the localization of the structural het-
erogeneity for HIV-1 PR, the crystal structure of the APV:HIV-1 PR
(D25N) complex was examined. The differences in the positions of
the C* atoms of the two protomers were calculated and mapped
onto the crystal structure (Fig. 3D). The structural heterogeneity
was mostly observed for the residues that are close to the sub-
strate-binding site. This is consistent with the conclusion derived
from NMR data in solution for HIV-1 PR. Thus, the long-range
transmission of the structural heterogeneity does not occur in
HIV-1 PR, but is specific to XMRV-PR.

3.6. Implications for discovery of new types of drug on the basis of the
identification of long-range transmission of the structural
heterogeneity

It has been pointed out for HIV-1 PR that opening and closing of
the flap of the binding site results in compression and expansion of
the shallow groove indicated by the arrow in Fig. 3D, respectively
[26,27]. Recently, the peripheral surface of HIV-1 PR, which is rela-
tively apart from the binding site, was suggested to be a good target
for the discovery of allosteric inhibitors. A fragment-based screen
against HIV-1 PR in a complex with TL-3, a universal inhibitor of
retroviral PRs, has been employed using the Active Sight fragment
library and X-ray crystallography [28]. The authors of that study
discovered that 2-methylcyclohexanol binds to the ‘exo site’ just
by the shallow groove [28]. This compound binds to the shallow
groove and restricts its compression, and thus prevents the flap
from opening. Therefore, it was proposed that the compound can
be used as a starting molecule for the development of high-affinity
allosteric inhibitors [28]. This example illustrates that a drug that
binds to a position distant from the binding site can affect the bind-
ing affinity, being a candidate inhibitor. We have shown that the
structural heterogeneity is transmitted away in XMRV PR. This
means that the heterogeneous structural changes on binding of
APV are transmitted to distant regions. This implies conversely that
a drug that binds to a distant site may affect the structure of the
substrate-binding site and thus inhibit binding of a substrate. This
new type of a drug might be discovered more easily for XMRV PR
than for HIV-1 PR. Then, in some cases, the discovered drug might
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bind to only one protomer of the dimer due to structural heteroge-
neity, as is the case for 2-methylcyclohexanol [28].
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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.
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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
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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-
TTTTTTAGGGAAGATGC-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 pg) 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 pg
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,
0.25mM 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 ul) 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, 1 pl
(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, 1ul crude
recombinant protease (~0.75uM) and 0.5 ul crude recombi-
nant FLAG-biotin-tagged CA/NC (~0.037 uM) at 37 °C for Thin
a 384-well Optiplate (PerkinElmer, Boston, MA, USA). To assay
the effects of HIV protease inhibitors on XMRV protease, after
3 pl 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-HCl 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 ul anti-
IgG (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 ul
crude recombinant XMRV protease and 1pul of 10uM HIV
protease inhibitor were incubated at 37 °C for 10 min followed
by addition of 6pl 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. Resulis

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. 14). 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 pM 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%%€
protein substrate. Wheat germ-synthesized XMRV PR was
incubated with FLAG-pr55%%8 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. 24). 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 Pls: SQV
(saquinavir), APV (amprenavir), IDV (indinavir), NFV (nelfinavir),
DRV (darunavir) and LPV (lopinavir). Although all HIV-1 Pls
tested showed marked inhibitory effects on HIV-1 PR, only two
of them, APV and DRV, were found to block the activity of XMRV
PR at the 1 uM 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 ICs value by titration of PIs (Fig. 3C). For XMRV PR, the ICsq
values for APV, DRV, IDV and LPV were 0.2 uM, 1.0 pM, 60 pM
and 17 pM, 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, 1le50, 1le54, Valg2,
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, YO0A/L92V) and investigated the catalytic
activity and drug-resistant properties of these mutants to APV
(Fig. 4C). As shown in Fig. 4C, V39I and AS7V 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 ICsp 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.
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(FLAG_CA-NC_biotin). PR was incubated with the substrate, for 1 h at 37 °C. Subsequently, protein A-conjugated acceptor beads
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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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inhibitor (lower panel). E. Dose-response curve of XMRV PR and HIV-1 PR with APV using AlphaScreen (upper panel).

ICso 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 substtution 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 etiology 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)
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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. Immunoblot analysis was performed as in C. E. Identification of the cleavage site in the XMRV PR amino acid

sequence.



138

4872

JOURNAL OF PROTEOMICS 75 (2012) 4863-4873

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 thatit 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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