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FIGURE 5. Hsp90 regulates HCV NS3 protein stability. A, Western blot showing the inhibition of NS3 protein
expression in 293T cells caused by 17-AAG. Cells were transfected with pFLAG-NS3 in the presence of 250 nm
17-AAG for 48 h. B, FLAG-NS3 was expressed in 2937 cells and immunoprecipitated (IP) from cell lysates with
anti-FLAG antibody. Proteins immunoprecipitated were analyzed by Western blotting using anti-Hsp90, anti-
Hsp90a«, anti-Hsp90pB, and anti-FLAG antibodies. The data shown in each panel are representative of three
independent experiments. FLAG-CMV, empty plasmid vector. C, schematic representations of HCV NS3 protein
and its deletion mutants. D, FLAG-NS3, FLAG-Aprotease, and FLAG-Ahelicase were expressed in 293T cells and
immunoprecipitated from cell lysates with anti-FLAG antibody. Proteins immunoprecipitated with anti-Hsp90,
Hsp90a, Hsp90p, and FLAG antibodies were analyzed by Western blotting. The data shown in each panel are
representative of three independent experiments. £, schematic representations of HCV NS3 protein and fur-
ther deletion mutants. F, FLAG-APH 1, FLAG-APH 2, and FLAG-AH 1 were expressed in 293T cells and immu-
- noprecipitated from cell lysates with anti-FLAG antibody. Proteins immunoprecipitated with anti-Hsp90,
Hsp90«, Hsp90p, and FLAG antibodies were analyzed by Western blotting. The data shown in each panel are
representative of three independent experiments. G, FLAG-NS3, pEF-Core, FLAG-Aprotease, FLAG-APH 2, and
FLAG-AH 1 were expressed in 293T celis treated with 17-AAG. Proteins immunoprecipitated with anti-core,
Hsp90 antibody were analyzed by Western blotting. 17-AAG-treated cell lysates were analyzed on Western
blots, using the specific antibodies shown to the right of the panels. Lane 1, control; lane 2, 17-AAG (1 pm).

3B). However, when 50 nM 17-AAG was added to the cells at
3-day intervals for 15 days (black squares), the observed signif-
icant reduction in HCV RNA (by 3 log) was sustained from
day 3 to day 15. We used trypan blue staining to check that
long term treatment with 17-AAG did not induce cellular
toxicity (Fig. 3A4). Our results suggested that 17-AAG has the
potential to safely induce long term suppression in HCV
replication. '
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Reduced Expression of NS3 Pro-
tein in 17-AAG-treated HCV Repli-
con Cells—To investigate the mech-
anism by which 17-AAG inhibited
HCV replication, we analyzed the
expression of HCV core, E1, E2,
NS3, NS4A, NS4B, NS5A, and NS5B
proteins by Western blotting.
NNC#2 cells treated with increasing
doses of 17-AAG showed a marked
reduction in the expression of NS3
(Fig. 4A) after 3 days, in common
with the level of HCV RNA (Fig.
2A4). However, levels of the other
proteinswereunchanged. Thisdose-
dependent inhibition suggested that
NS3 was more sensitive to 17-AAG
than the other proteins. Similar
effects on NS3 expression and RNA
replication were seen in #50-1 cells
treated with 17-AAG (Fig. 44).

Another effect of 17-AAG treat-
ment seen in these cells was an
increase in Hsp70 expression and a
slight increase in Hsp90 expression
(Fig. 4B). The induction of Hsp70
expression suggested that Hsp90
inhibition by 17-AAG strongly acti-
vated HSF-1 (heat-shock transcrip-
tion factor 1) (43). We also exam-
ined the levels of HCV core and
NS5B protein expression in NNC#2
cells treated with 50 nM 17-AAG.
Reduced levels of these proteins
were seen in NNC#2 cells on day 6,
and both HCV core and NS5B pro-
tein were undetectable on day 9
(Fig. 4C). To determine whether
17-AAG promoted the degradation
of NS3, we next looked at the effect of
17-AAG on #50-1 cells in which pro-
teasomal degradation was also inhib-
ited. Although 17-AAG treatment
still induced a reduction in the NS3
protein level in #50-1 cells (Fig. 4D),
the degradation of NS3 was com-
pletely blocked in the presence of
the proteasome inhibitor, MG132,
This suggested that the pharmaco-
logical effect of 17-AAG was

dependent on the proteasome system (44, 45).

Protein Folding in Hsp90-NS3 Interaction—To investigate
the role of Hsp90 in HCV NS3 activation, the FLAG-NS3 pro-
tein was transfected into 293T cells, with or without 17-AAG,
and the cell lysates were analyzed by Western blotting. The
expression of NS3 from FLAG-NS3 was reduced in the pres-
ence of 17-AAG (Fig. 54), suggesting that Hsp90 is involved in
HCV NS3 degradation, possibly through a physical interaction.
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We confirmed this specific interaction by immunoprecipitating
293T cell lysates with anti-FLAG antibody. This clearly showed
that FLAG and Hsp90 co-precipitated, suggesting that NS3 was
bound to the chaperone complex formed with Hsp90 (Fig. 5B).
NS3 mutants lacking the protease and helicase regions were
generated in order to identify the region responsible for the
interaction with Hsp90 (Fig. 5C). FLAG-NS3, FLAG-NS3-Ahe-
licase, or FLAG-NS3-Aprotease were transfected into 293T
cells, and anti-FLAG antibody immunoprecipitates were ana-
lyzed by Western blotting (Fig. 5D). Although FLAG-NS3-
Aprotease was clearly co-immunoprecipitated with Hsp90, no
protein band corresponding to FLAG-NS3-Ahelicase was
detected (Fig. 5D), suggesting that the NS3 helicase region
mediates binding to Hsp90. To confirm this finding, plasmids
expressing different NS3 helicase mutants fused with FLAG
(APH 1, APH 2, and AH 1) were constructed (Fig. 5E). Express-
ing these NS3 helicase mutants in 293T cells and analyzing their
immunoprecipitates with anti-FLAG antibody by Western
blotting showed that, although all of the NS3 helicase mutant
proteins were immunoprecipitated by anti-FLAG-antibody, no
Hsp90 was co-precipitated (Fig. 5F).

We also confirmed that the NS3 helicase region mediated the
specific interaction with Hsp90 by transfecting FLAG-NS3 and
FLAG-NS3 deletion mutants into 293T cells pretreated with
17-AAG (Fig. 5G). The proteins expressed by FLAG-NS3 and
FLAG-NS3-Aprotease were degraded in cells pretreated with
17-AAG, whereas no degradation of the APH 2 and AH 1 NS3
mutants lacking helicase regions was seen (Fig. 5G). Further,
when pEF-core was expressed in 293T cells, core was unable to
co-immunoprecipitate Hsp90, and no degradation of core pro-
tein was observed (Fig. 5G). Our data demonstrate that
17-AGG destabilizes several binding proteins (NS3 and NS3-
Aprotease) to Hsp90 but stablilizes some nonbinding proteins
(the APH 2 and AH 1 NS3 mutants lacking helicase regions and
core) to Hsp90. In previous reports (46), similar effects were
observed when wild-type and mutated p53 were translated in
the presence of geldanamycin. These results further supported
the hypothesis that Hsp90 has a role in folding the NS3 helicase
domain and that this has an important role in stabilizing the
full-length NS3 protein. A protein complex that includes NS3
and Hsp90 is therefore implicated in the control of HCV
replication.

DISCUSSION

The Hsp90 inhibitor, 17-AAG, is known to have highly selec-
tive effects on tumor cells that are a result of its high affinity for
Hsp90 client oncoproteins, which are incorporated into the
Hsp90-dependent multichaperone complex, thereby increas-
ing their binding affinity for 17-AAG more than 100-fold (47).
This high selectivity effectively minimizes the toxic side effects
of 17-AAG so that it is a good candidate for clinical application,
especially in treating neurodegenerative diseases. In this study,
we observed the inhibitory effects of 17-AAG on the replication
of an HCV subgenomic replicon that lacked NS2. On the other
hand, Waxman et al. (37) demonstrated a role for Hsp90 in
promoting the cleavage of HCV NS§2/3 protein using N52/3
translated in rabbit reticulocyte lysate and expressed in Jurkat
cells. Because the replicon cells used in our study genetically
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lacked N'S2, our results suggest that Hsp90 may directly interact
with the NS3 protein in the HCV replicon.

In cell lines in which 17-AAG was a potent inhibitor of HCV
replication, with ICy, values of 310 nm, we also found strong
evidence that the association between HCV Hsp90 and NS3,
but not other NS proteins, was the essential mechanism con-
trolling the preferential degradation of NS3 after 17-AAG
treatments. Furthermore, we showed that NS3 interacted with
Hsp90 through the NS3 helicase domain. It was also clear that
the expression of NS3 protein with helicase activity in 293T
cells pretreated with 17-AAG was reduced, but the expression
of NS3 mutants lacking the helicase regions (APH 2 and AH 1)
was not. The role of Hsp90 in achieving and/or stabilizing the
NS3 protein was suggested by the fact that only 17-AGG bound
to Hsp90 was capable of affecting NS3. The use of Hsp90 inhib-
itors represents a novel strategy for the development of anti-
HCV therapies.
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Structure, interaction and real-time monitoring
of the enzymatic reaction of wild-type APOBEC3G
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Human APOBEC3G exhibits anti-human immunodefi-
ciency virus-1 (HIV-1) activity by deaminating cytidines
of the minus strand of HIV-1. Here, we report a solution
structure of the C-terminal deaminase domain of wild-type
APOBEC3G. The interaction with DNA was examined.
Many differences in the interaction were found between
the wild type and recently studied mutant APOBEC3Gs.
The position of the substrate cytidine, together with that of
a DNA chain, in the complex, was deduced. Interestingly,
the deamination reaction of APOBEC3G was successfully
monitored using NMR signals in real time. Real-time
monitoring has revealed that the third cytidine of the
d(CCCA) segment is deaminated at an early stage and
that then the second one is deaminated at a late stage,
the first one not being deaminated at all. This indicates
that the deamination is carried out in a strict 3’ — 5 order.
Virus infectivity factor (Vif) of HIV-1 counteracts the anti-
HIV-1 activity of APOBEC3G. The structure of the N-term-
inal domain of APOBEC3G, with which Vif interacts, was
constructed with homology modelling. The structure im-
plies the mechanism of species-specific sensitivity of
APOBEC3G to Vif action.

The EMBO Journal (2009) 28, 440-451. d0i:10.1038/
emboj.2008.290; Published online 15 January 2009
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Introduction

The apolipoprotein B messenger RNA-editing enzyme cataly-
tic polypeptide (APOBEC)/activation-induced cytidine dea-
minase (AID) proteins are found in vertebrates and share the
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ability to mutate either DNA or RNA by deaminating cytidine to
uridine (Rogozin et al, 2007). The APOPBEC1 deaminates and
edits apolipoprotein B pre-mRNA (Navaratnam et al, 1993; Teng
et al, 1993). AID deaminates immunoglobulin gene DNA, which
is essential for the antigen-driven diversification of already
rearranged immunoglobulin genes in the vertebrate adaptive
immune system (Muramatsu et al, 1999). Human APOPBEC3G
is expressed in spleen, testes, ovary and blood leukocytes, such
as T lymphocytes and macrophages. APOBEC3G deaminates
and modifies the newly synthesized ¢cDNA minus strand of
retroviruses such as the human immunodeficiency virus-1 (HIV-
1) (Sheehy et al, 2002; Harris et al, 2003; Lecossier et al, 2003;
Mangeat et al, 2003; Zhang et al, 2003; Beale et al, 2004; Greene,
2004; Harris and Liddament, 2004; Suspene et al, 2004; Yu et al,
2004; Esnault et al, 2005; Chelico et al, 2006). The modifications
are supposed to induce degradation of the minus strand through
action of uracil DNA glycosylase and apurinic-apyrimidinic
endonuclease or the generation of G to A mutations upon
synthesis of the plus strand, which may eliminate HIV-1 in-
fectivity for virus infectivity factor (Vif)-deficient strains
(Sheehy et al, 2002; Harris et al, 2003; Lecossier et al, 2003;
Mangeat et al, 2003; Greene, 2004; Harris and Liddament, 2004;
Esnault et al, 2005). Vif targets APOBEC3G for ubiquitination
and proteasomal degradation, and thus abolishes the antiviral
activity of APOBEC3G (Conticello et al, 2003; Marin et al, 2003;
Yu et al, 2003; Mehle et al, 2004; Kobayashi et al, 2005).

In spite of the great attention to the APOBEC/AID protein
family, the structural knowledge on this family is quite
limited. The structure of APOBEC2 was reported last year
(Prochnow et al, 2007), but APOBEC2 does not possess
enzymatic activity. APOBEC3G is composed of 384 residues
and possesses two consensus cytidine deaminase motifs of
the zinc-finger type, His-X-Glu-X;;.,5-Pro-Cys-X,-Cys, in its
N- and C-terminal domains (Harris and Liddament, 2004). It
is known that the C-terminal deaminase domain is catalytically
active, whereas the N-terminal one is not (Navarro et al,
2005). Recently, the solution structure of a mutant C-terminal
deaminase domain, residues 198-384, was reported (Chen
et al, 2008). To increase the solubility, mutation of five
residues of the C-terminal domain was performed. Here, we
present the solution structure of the wild-type C-terminal
deaminase domain, residues 193-384, which possesses no
mutation. Some difference in structure was found between
the wild type and mutant deaminase domains of APOBEC3G.
The mode of interaction with single-stranded DNA (ssDNA)
was characterized by chemical shift perturbation analysis.
Although the wild-type and mutant APOBEC3Gs share sev-
eral features of the interactions, many differences in the
interaction were also identified between them. The differ-
ences were supposed to be partly due to the introduction of
the mutations themselves. The position of a substrate cyti-
dine, and the position and polarity of an ssDNA chain in the
complex were deduced from the results of analysis of the
interaction. Very recently, the crystal structure of the
C-terminal deaminase domain of APOBEC3G has been
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reported (Holden et al, 2008). The relation between our and
their findings is also discussed.

Moreover, we succeeded for the first time in monitoring
the deamination reaction in real-time using NMR signals.
This method enabled us to address the dynamical aspects of
the deamination reaction by APOBEC3G. Deamination in a
very strict 3’ —» 5’ order was detected for consecutive cytidine
residues of ssDNA.

The N-terminal domain of APOBEC3G is required for
encapsidation of APOBEC3G into virion (Cen et al, 2004;
Harris and Liddament, 2004). It is also known that Vif of HIV-1
interacts with the N-terminal domain of APOBEC3G
(Conticello et al, 2003; Harris and Liddament, 2004). The
structure of the N-terminal domain has not been reported.
The N- and C-terminal domains of APOBEC3G exhibit se-
quence homology. So, the structure of the N-terminal domain
is constructed with homology modelling on the basis of the
structure of the wild-type C-terminal domain. The con-
structed structure suggests the origin of species-specific sen-
sitivity of APOBEC3G to Vif action.

Results

Structure of the wild-type deaminase domain

of APOBEC3G

Figure 1A shows SDS-polyacrylamide gel electrophoresis of
the purified deaminase domain of wild-type APOBEC3G. The
purity was estimated to be over 99%. Figure 1B shows the
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ing of APOBEC3G
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'H-'*N HSQC spectrum of the deaminase domain of wild-
type APOBEC3G. The HSQC peaks are sharp and well dis-
persed, which guarantees that the sample prepared with our
procedure possesses the native structure, not being in an
aggregated state, and is suitable for structure determination.
Thus, it was found that wild-type APOBEC3G, instead of the
mutant, could be used for the structure determination.

The structure of wild-type APOBEC3G was calculated on
the basis of distance and dihedral angle constraints. The
structure statistics are presented in Table 1. The average
pairwise r.m.s.d. between the 10 final structures as to the
backbone atoms of the all secondary elements was
0.55+0.110A. Figure 1C and D shows the structures of
wild-type APOBEC3G. Wild-type APOBEC3G is composed of
five B-strands, B1-f5, and five a-helices, al-«5, which are
arranged in the order of B1-B2/B2'-01-B3-02-p4-a3-B5-04-a5.
The second B-strand is interrupted and divided into two short
B-strands, B2 and B2’

In Figure 2, the structure of the wild-type APOBEC3G
determined in solution by NMR (this study) is compared
with the structure of the mutant carrying five substituted
residues determined in solution by NMR (Chen et al, 2008),
and also with the structure of the wild type determined for
crystal by X-ray (Holden et al, 2008). The three structures are
mostly similar to each other. An extra a-helical element, a0
(P199-F204), is formed for the wild type in solution
(Figure 2A), but not for the mutant in solution (Figure 2B).
The formation of «0 for the wild type in solution was
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Figure 1 SDS-polyacrylamide gel electrophoresis, HSQC spectrum and structure of the deaminase domain of the wild-type APOBEC3G.
(A) SDS-polyacrylamide gel electrophoresis of the purified APOBEC3G. (B) 'H-'*N HSQC spectrum. (C) A stereo view of superposition of the
main chains of 10 final structures. N and C indicate L193 and N384, respectively. a-helices and B-strands are coloured red and blue, respectively. (D)
The main chain of a representative structure with the lowest energy. a-helices and B-strands are coloured red/yellow and blue, respectively.
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supported by the secondary structure identification on the
basis of chemical shifts of C*, CP, C’, N and H* with either CSI
{Wishart and Sykes, 1994) or TALOS (Cornilescu et al, 1999).
a0 (P199-F206) is also present for the wild type in crystal

Table I NMR and refinement statistics for profein structures

Protein
NMR distance and dihedral constraints
Distance constraints
Total NOE 2380
Intra-residue 1117
Inter-residue 1263
Sequential (|i—j}=1) 581
Medium range {|i—j} <4) n
Long range (Ji—j|>5) : 371
Hydrogen bonds 12
Total dihedral angle restraints
¢ 131
Y 131
Structure statistics
Violations (mean and s.d.}
Distance constraints (A) 0.0779 £ 0.0008
Dihedral angle constraints (deg) 0.7545 £0.0703
Maximum dihedral angle violation (deg) 7.718
Maximum distance constraint violation (A) 0.478

Deviations from idealized geometry
Bond lengths (A)
Bond angles (deg)
Impropers (deg)

0.0044 +0.0001
0.6595 +£0.0055
0.4181 £0.0067

Average pairwise r.m.s.d. between 10 structures (A)

Heavy® 1.38+0.22
Backbone® 0.71£0.14
Heavy" 1.26£0.20
Backbone® 0.55+0.11
Ramachandran plot appearance
Most favoured regions (%) 71.5
Additional allowed (%) 25.9
Generously allowed (%) 2.3
Disallowed regions (%) 0.2

“These calculations included residues 221-242 and 258-379.
PThese calculations included residues 221-228, 231-232, 240-242,
258-269, 276-283, 291-300, 305-311, 322-331, 333-338, 340-350
and 364-379.

(Figure 2C). The wild type is composed of either L193-N384
(this study) or M197-Q380 (Holden et al, 2008), and the
mutant of D198-N384. The lack of o0 in the mutant may be
due to the lack of several N-terminal residues. Because of the
lack of long-range NOEs involving «0, the relative position of
0 as to the rest of APOBEC3G was poorly determined
(Figure 1C). Therefore, it is hard to discuss the difference in
the relative position of o0 between the wild-type
APOPBEC3Gs in solution and crystal.

The second B-strand is interrupted and divided into two
short B-strands for both the wild type and mutant in solution
(Figure 2A and B). The second B-strand of the wild type in
crystal is not divided but continuous, although a bulge exists
in this B-strand (Figure 2C). Typical NOEs expected for a
p-strand structure were not detected for the interrupted
region. The secondary structure identification on the basis
of chemical shifts of C*, CP, C’, N and H* also suggests the
interruption at the central 3-5 residues of the second
B-strand, although a B-strand-like structure is implied for
the other region of the strand. Thus, it is not likely that the
continuous B-strand is stably formed in solution.

The mutation of either F202 or T203 of a0 to Ala causes the
decrease of the activity of APOBEC3G (Supplementary data of
Chen et al, 2008). Similarly, the mutation of W232, V233,
1235, F241 or L242 of B2 to Lys and that of either W232,
V233, L235 or L242 of B2 to Ala cause the decrease of the
activity of APOBEC3G (Supplementary data of Chen et al,
2008). Therefore, the structural differences detected for a0
and B2 may have some functional relevance.

Binding of the wild-type deaminase domain to a ssDNA,
as revealed by a gel retardation experiment

It was reported that minus strand deamination by APOBEC3G
occurs preferentially at a CCCA sequence (Yu et al, 2004).
10-mer DNA, d{ATTCCCAATT), contains the CCCA sequence
in the middle. Binding of the deaminase domain of the wild-type
APOBEC3G to a short single-stranded 10-mer DNA was
revealed by gel retardation experiments (Figure 3). To our
best knowledge, this is the first demonstration by a gel
retardation experiment that the deaminase domain can bind
to a short ssDNA of only 10 residues, although the binding of
full-length APOPBEC3G to another 10-mer DNA was demon-
strated on the basis of the change in steady-state fluorescence

Figure 2 Comparison of the structures of the deaminase domain of APOBEC3G. (A) The wild type in solution by NMR (this study). (B) The
mutant carrying five substitutions in solution by NMR (Chen et al, 2008). (C) The wild type in crystal by X-ray (Holden et al, 2008).
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Figure 3 Gel retardation experiments indicating binding of the
wild-type deaminase domain to a short ssDNA comprising 10
residues. *?P-labelled 10-mer DNA (200nM), d(ATTCCCAATT),
was incubated with 0, 40 and 80 uM of the deaminase domain of
the wild-type APOBEC3G (lanes 1-3). The mixtures were run on a
polyacrylamide gel and then exposed.

depolarization of fluorescein-labelled DNA (Chelico et al,
2006). The apparent dissociation constant, K, was estimated
to be ca. 130-190 uM, on the basis of the relative intensities
of bands corresponding to either free DNA or the DNA-
protein complex. Ky for the complex between the mutant
deaminase domain and a 21-mer ssDNA was reported to be
minimally 450 uM, on the basis of the results of a chemical
shift perturbation experiment (Chen et al, 2008). Thus, the
affinity of the wild type to 10-mer DNA is comparable or
slightly higher than that of the mutant to 21-mer DNA.
Therefore, 10-mer DNA was used for further analysis of the
interaction using the chemical shift perturbation method.

The differences in the interaction of the deaminase
domain with ssDNA between the wild-type and mutant
APOBEC3Gs, as revealed by chemical shift perturbation
Figure 4A and C shows the chemical shift perturbations for
the deaminase domain of the wild-type APOBEC3G on bind-
ing of ssDNA, d(ATTCCCAATT). For comparison, Figure 4B
shows the chemical shift perturbations reported for the
mutant deaminase domain on binding of 21-mer ssDNA
(Chen et al, 2008). In general, perturbations detected for
the wild-type APOBEC3G:10-mer DNA complex were larger
than those for the mutant APOBEC3G:21-mer DNA complex:
the maximum perturbation for the mutant was 0.03 p.p.m.,
whereas six residues exhibited perturbation of greater than
0.03 p.p.m. for the wild type. The larger perturbations could
be partly due to the higher oligonucleotide ratio to
APOBEC3G (an APOBEC3G:DNA ratio is 1:10 for our case,
whereas the ratio is 1:4 for Chen et al} and/or the use of the
wild-type APOBEC3G. It is expected that the mode of the
interaction may be deduced more precisely with the pro-
nounced perturbation data obtained here.

©2009 European Molecular Biology Organization
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It is known that E259 is a catalytic residue for the deami-
nation reaction (Mangeat et al, 2003; Shindo et al, 2003;
Navarro et al, 2005). Chemical shift perturbation, including a
decrease in the intensity of a correlation peak, was detected
for residues surrounding E259. Perturbations were seen for
the residues of the loop between a0 and B1 (an «0-81 loop)
(N208 and R215), those of a B2'-a1 loop {C243, A246, E254,
R256 and H257), those of al (L260, C261, F262, L263, V265
and 1266), those of B4 (V305 and $306), those of a B4~a3 loop
(D316 and G319), that of B5 (I337), that of w4 {(D348) and
those of an a4-aS loop (V351, D352 and D362) (Figure 4A).
Similar perturbations were observed for the mutant
APOBEC3G for the same segments (Figure 4B). On the
other hand, the perturbations observed for the following
segments are specific to the wild type, not being observed
for the mutant: a 2-2' loop (R238), B2’ (G240 and 1.242), an
al-PB3 loop (L271, D272, D274 and Q275), B3 (R278), a f3-u2
loop (T283 and S284) and the N-terminal region including a0
(5196, D198 and F204) (Figure 4A).

Differences in chemical shift perturbation between the
wild-type and mutant APOBEC3Gs may partly be attributed
to the mutations themselves. Perturbations for R238, G240,
L242 and C243 were observed for the wild type, but not for
the mutant (Figure 4A and B). These residues are close to
C243, so the mutation of Cys243 to Ala may be responsible
for the decrease in the perturbations for the mutant.
Similarly, perturbations for G319 and Q322 were exclusively
observed for the wild type (Figure 4A and B). The mutation of
close Cys321 to Ala may be responsible for the decrease in the
perturbations for the mutant. Moreover, perturbations were
observed for the residues of «0 and those close to a0 for the
wild type, whereas perturbations were not observed for the
corresponding N-terminal region of the mutant (Figure 4A
and B). As described previously, the mutation of either F202
or T203 of «0 causes the decrease of the activity of
APOBEC3G. So, the interaction involving «0 may be mean-
ingful. From these points of view, it is critical to have
perturbation data on the wild-type APOBEC3G to deduce
the interaction correctly.

Occurrence of the deamination reaction in an NMR tube
Figure 5A shows the pyrimidine {either cytidine or uridine
residues) H5-CS5 region of the 'H-'>C HSQC spectrum of
10-mer DNA, d(AI1T2T3C4C5C6A7A8TIT10). Three peaks
corresponding to the C4, C5 and C6 residues of 10-mer
DNA can be seen. It should be noted that the intensity of
the left peak is two times greater than that of the right peak,
and that the two signals overlap on the left peak. Figure 5B
shows the same region of the 10-mer DNA obtained 24 h after
the addition of the wild-type deaminase domain to the NMR
tube, the molar ratio of DNA 10-mer:deaminase domain being
10:1. Two new peaks have appeared in Figure 5B, whereas
one peak remains at the original position. The '3C chemical
shift values of the two new peaks imply that these peaks
originate from uridine residues. This suggests that the dea-
mination reaction occurred in the NMR tube.

It was reported that 5'-CC-3’ is the consensus sequence for
deamination by APOBEC3G, where C is the site of the
deamination {Beale et al, 2004). Therefore, there are three
possible patterns of deamination for the C4C5C6 segment of
10-mer DNA, CACSU6, C4USC6 and C4USU6. It was
also reported that the third cytidine of the CCCA sequence,
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underlined, is preferably deaminated by APOBEC3G (Yu et al,
2004; Chelico et al, 2006) and that the second cytidine is also
deaminated to some extent (Chelico et al, 2006). To confirm
the occurrence of the deamination, HSQC spectra of three
mutant 10-mer DNAs in which the C4C5C6 segment was

The EMBO Journal VOL 28 | NO 4 | 2009

mutated to either C4C5U6, C4U5U6 or C4U5C6 were recorded
for reference (Figure SC-E). Then, it was found that the HSQC
spectrum obtained 24 h after the addition of the wild-type
deaminase domain {Figure 5B) was the same as that of the
mutant 10-mer DNA with the C4U5U6 segment (Figure 5D).

©2009 European Molecular Biology Organization
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This clearly demonstrates that the deamination reaction by
the wild-type deaminase domain actually occurred for C5 and
C6 residues in the NMR tube.

Assignment of the HS-C5 correlation peaks for the U6 and
US5 residues was performed in a straightforward way from the
spectra of the mutant 10-mer DNAs with the C4C5U6 and
C4U5C6 segments, respectively (Figure 5C and E), together
with those for the C4, C5 and C6 residues. The assignments
made are indicated in Figure 5.

Strictly regulated deamination of consecutive cytidine
residues in a 3'— 5' order, as revealed by real-time
monitoring of the reaction using NMR signals
Figure 6A-E shows the time chase of the 'H NMR spectra
of 10-mer DNA after the addition of the wild-type deaminase
domain. For reference, 'H NMR spectra of the three mutant
10-mer DNAs are also shown with the HS assignments of the
US and U6 residues. The HS peak of the U6 residue is present
in the spectrum recorded 30 min after the addition of the
deaminase domain (Figure 6B). Generally, the HS peak of a
uridine residue is a doublet due to a *Jysus coupling. The
intensity is comparable to that seen in the spectrum recorded
24 h after the addition. This indicates that the conversion of a
C6 residue to a U6 residue through deamination by the wild-
type deaminase domain has been almost completely accom-
plished within 30 min. The intensity of the H5 peak of the US
residue is very weak in Figure 6B, but the intensity gradually
increases (Figure 6C), becomes roughly half of the final
intensity level in 4.5h (Figure 6D), and finally reaches the
same level as that of the U6 residue (Figure GE). These results
indicate that deamination occurs almost exclusively for the
C6 residue at an early stage and that then deamination occurs
for the C5 residue with a much slower reaction rate. Not only
the C6 residue but also the C5 one is fully converted to a
uridine residue at the end of the reaction. This is the first
report that a strictly regulated deaminase reaction of con-
secutive cytidine residues in a 3’5" order can be directly
monitored in real-time using NMR signals.

It was noted that the H5 peak of the U6 residue is a doublet
at an early stage (Figure 6B), next becomes a triplet at a
middle stage (Figure 6D) and finally becomes a doublet again
(Figure 6E). It was found that the HS doublet of the U6
residue of the C4US5U6 segment appears slightly in a down-
field region compared with that of the C4C5U6 segment: the
position of the right half of the former doublet almost
coincides with that of the left half of the latter doublet.
Therefore, the HS peak of the U6 residue becomes a triplet
when roughly half of the CS5 residue has been converted to U5
in the course of the reaction (Figure 6D).
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The structure of the N-terminal domain of APOBEC3G
constructed on the basis of the structure of the
C-terminal domain

The N- and C-terminal domains of human APOBEC3G exhibit
the sequence homology, the sequence identity and similarity
being 36 and 54%, respectively. So, the structure of the
N-terminal domain of human APOBEC3G (residues 10-192)
was constructed with homology modelling on the basis of the
structure of the C-terminal wild-type deaminase domain of
human APOBEC3G (Figure 7A), using the program
MODELLER 9v3 (Marti-Renom et al, 2000}. To address the
origin of species-specific sensitivity of APOBEC3G to Vif
action, which is discussed below, the structure of the
N-terminal domain of APOBEC3G of African green monkey
(AGM) (residues 10-192) is also constructed in the same way
(Figure 7B). The sequence identity and similarity between the
N-terminal domain of AGM APOBEC3G and the C-terminal
domain of human APOBEC3G are 38 and 53 %, respectively.
As discussed below, the residue at the position 128 governs
the species-specific sensitivity of APOBEC3G to Vif action,
and is indicated in Figure 7A and B. Surface potentials of the
N-terminal domains of human and AGM APOBEC3Gs are
shown in Figure 7C and D, respectively, the residue at the
position 128 being indicated with a circle. D128 of human
APOBEC3G and K128 of AGM APOBEC3G locate at the sur-
face, which is suitable for these residues to interact with Vif.

Discussion

We found that the deamination reaction occurs in an NMR
tube during a titration experiment and that the pH value of
the solution in the NMR tube increases, probably due to the
release of NH; as a result of the reaction (Harris and
Liddament, 2004). The H" and N chemical shift values of
some residues were sensitive to the change in pH. In parti-
cular, we noticed that the chemical shift values of His
residues and residues close to the His residues were sensitive
to the pH change. Therefore, at the end of the titration, we
adjusted the pH of the protein—-DNA complex solution to that
of the initial protein alone solution. After the adjustment, the
HSQC spectrum of the complex was recorded and the chemi-
cal shift values of the complex were obtained. It should be
noted that if the adjustment is not carried out, false perturba-
tions originating from the pH change, which do not reflect the
interaction with DNA, would be mixed up. For example,
although H345 exhibited an apparent chemical shift perturba-
tion of greater than 0.02 p.p.m., the perturbation diminished
after adjustment of the pH. Perturbation was reported for
H345 of the mutant APOBEC3G (Chen et al, 2008). There is a

Figure 4 Mapping of chemical shift perturbations upon binding of DNA, surface electrostatic potential and proposed position of a substrate
cytidine. (A) Chemical shift perturbations observed for the wild-type deaminase domain upon binding of 10-mer DNA. The residues exhibiting
combined chemical shift perturbations as to HY and N of >0.03 p.p.m. and 0.02-0.03 p.p.m. are coloured red and yellow, respectively. The
residues whose 'H-'5N correlation peaks either disappeared or became notably weak, the relative intensity in a free state to that in a complex
state being greater than 1.2, are coloured blue. (B) Chemical shift perturbations observed for the mutant deaminase domain upon binding of 21-
mer DNA. The residues exhibiting combined chemical shift perturbations of >0.03 p.p.m. and 0.02-0.03 p.p.m. are coloured red and yellow,
respectively. The structure and perturbation data reported for the mutant deaminase domain (Chen et al, 2008} were used to make this figure.
(C) Left, the perturbations for the wild-type deaminase domain mapped on the surface representation; right, positive and negative surface
potentials of the wild-type deaminase domain represented in blue and red, respectively. (D) A close-up of the deduced key interactive region of
the wild-type APOBEC3G deaminase domain, with the proposed position of a substrate cytidine indicated by a dashed circle, viewed from two
different angles. (E) Three possible positions of ssDNA relative to the APOBEC3G deaminase domain. Right, the position proposed by Chen
et al, 2008 (dashed vertical line in blue) and that by Holden et al, 2008 (dashed kinked horizontal line in green); left, the third possible position.

©2009 European Molecular Biology Organization
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Figure 5 'H-"3C HSQC spectra indicating cytidine to uridine conversion for 10-mer DNA through the deamination reaction in an NMR tube.
The pyrimidine (either cytidine or uridine residues) H5-CS5 region of the 'H-"3C HSQC spectrum of 10-mer DNA, d{ATTCCCAATT) (A), and that
recorded 24 h after the addition of the wild-type deaminase domain to the NMR tube (B). The same regions of mutant 10-mer DNAs with the
C4C5U6 (C), C4USUG (D) and C4USC6 (E) segments, respectively, for reference.

possibility that this perturbation may have originated just
from the pH change. In this sense, our perturbation data are
supposed to be more adequate for accurately characterizing
the interaction.

It was reported that APOBEC3G binds to any kind of
ssDNA of larger than 9 nt with essentially the same affinity
even in the absence of a cytidine (Chelico et al, 2006).

The EMBO Journal VOL 28 | NG 4 | 2009

Therefore, binding of the deaminase domain to 10-mer DNA
can be expected even after the complete conversion of
cytidines to uridines through deamination in an NMR tube.
Thus, the interaction of the deaminase domain with 10-mer
DNA can be examined with our method.

Among perturbations observed for various residues, the
following are of particular interest. First, intensive perturba-
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Figure 6 Time chase of 'H NMR spectra indicating deamination of
two cytidine residues in a strict 3’5’ order. 'H NMR spectrum
of 10-mer DNA (A), and ones recorded 0.5h (B), 1.5h (C}, 4.5h
(D} and 24h (E) after the addition of the wild-type deaminase
domain to the NMR tube. 'H NMR spectra of mutant 10-mer DNAs
with the C4C5U6 (F), C4USU6 (G) and C4USC6 (H) segments,
respectively, for reference.

tions were observed for the following residues that are
located close to the catalytic residue, E259; E254, R256,
H257, L260, C261, F262 and 1263 (Figure 4A). This implies

©2009 European Molecular Biology Organization
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that the substrate cytidine residue is positioned close to the
catalytic residue in the APOBEC3G:ssDNA complex. In the
crystal structures of Escherichia coli and mouse cytidine
deaminases, a substrate cytidine is located close to the
zinc-coordinating His residue (Xiang et al, 1997; Teh et al,
2006). On the basis of these structures, an APOBEC3G:ssDNA
complex model was proposed in which the substrate cytidine
is positioned close to the zinc-coordinating H257 residue
(Chen et al, 2008). The perturbation observed for H257 of
the wild type is consistent with this model. On the other
hand, for the mutant, although perturbation was observed for
E259, intensive perturbations for the residues around E259,
including H257, were not seen (Figure 4B), which does not fit
the model.

The S$284-W285-S286 motif is conserved among DNA
deaminases including APOBEC3G (Rogozin et al, 2007).
Perturbations were observed for T283 and S284 for the wild
type (Figure 4A). This implies that the substrate cytidine
residue is positioned close to the conserved residues. In the
proposed model mentioned above, W285 is located close to
the substrate cytidine (Chen et al, 2008). The perturbation
data for the wild type are consistent with this model. On the
other hand, for the mutant, perturbation was not observed for
the residues located close to the conserved residues
(Figure 4B}, which does not fit the model.

The surface potential of the wild-type deaminase domain is
presented at the right of Figure 4C. The residues mentioned
above, that is, those positioned close to E259 and S284-W285-
5286, are located in a positively charged area, which is
suitable for negatively charged ssDNA to interact with these
residues. The chemical shift perturbation data and electro-
static features strongly suggest that this area is a key inter-
active region. A close-up of this area is shown in Figure 4D.
The substrate cytidine is supposed to be positioned close to
catalytic E259, conserved S284-W285-S286, and zinc-coordi-
nating H257, as indicated by the dashed circle.

The position and polarity of the main chain of ssDNA in
the complex with the deaminase domain were proposed on
the basis of the results of analysis of the mutant APOBEC3G
(Chen et al, 2008), as shown to the right of Figure 4E by a
dashed vertical line in black. The model was constructed to
have a similar main chain trace to that observed in the
adenosine deaminase TadA:RNA complex (Losey et al,
2006). The main chain of ssDNA is located close to the area
composed of the C-terminal regions of 3, B4 and B5, and the
N-terminal regions of a1 and «2. The 3’ region of the main
chain takes off and does not contact the deaminase domain.

Alternative model as to the position of the main chain of
ssDNA has been proposed very recently (Holden et al, 2008),
as shown to the right of Figure 4E by a dashed kinked
horizontal line in green. The model is constructed on the
basis of the crystal structure and mutational data. It is
suggested that two active centre (AC) loops, AC loops 1 and
3, are important for binding of DNA. AC loop 1 connects a0
and B1, and AC loop 3 does B2’ and «l. For our solution
structure, convergence is poor for these loops (Figure 1C).
This may be due to either intrinsic flexibility of these loops or
accidental lack of sufficient structural constraints for them.
It is discussed that N244 and H257 of AC loop 3 are structu-
rally conserved among crystals of Zn deaminases and may be
involved in binding of the substrate cytidine (Holden et al,
2008). We observed the perturbations on binding of DNA for
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Figure 7 The structures of the N-terminal domains (residues 10-192) that interact with Vif. The structures of the N-terminal domains of
human (A) and African green monkey (B) APOBEC3Gs, constructed with homology modelling on the basis of the structure of the C-terminal
deaminase domain of human APOBEC3G. The surface potentials of the N-terminal domains of human (C) and African green monkey
(D) APOBEC3Gs. The residue at the position 128 is indicated with a dashed circle.

€243 and A246, which are located close to N244, and for
H257 and neighbouring R256 (Figure 4A), which may be
related to their suggestion. It was also discussed that D316
and D317 may be important for positioning the substrate so
that the third cytidine of the CCC sequence is most likely to be
deaminated. We observed the perturbation on binding of
DNA for D316 (Figure 4A), which may be related to their
suggestion.

The results of analysis of the wild-type APOBEC3G in
solution suggest the third model shown at the left of
Figure 4E. For the wild type in solution, large chemical shift
perturbations were observed for L271, D272, D274, Q275 and
K297, together with medium perturbations for V305 and
$306, whereas these were not observed for the mutant
(Figure 4A and B). These perturbation data suggest that in
the complex with the wild-type deaminase, ssDNA may go
along &1 and &2 and that one end of the main chain of ssDNA
is located close to the area composed of the N-terminal
regions of B3 and B4, and the C-terminal regions of al and
o2, as shown at the left of Figure 4E. The mutation of L271 to
Ala causes the decrease in the activity of APOBEC3G
(Supplementary data of Chen et al, 2008), which is consistent
with our model in which L271 is supposed to mediate
substrate contact. Nonetheless, it seems to us fair to say
that at this moment we cannot select one of these possible

448 The EMBO Journal VOL 28 | NO 4 | 2009

positions on the basis of currently available information. We
do not exclude the possibility that two or even three models
are coexisting in solution.

It was found that deamination of ssDNA by APOBEC3G
occurs preferentially at the CCCA sequence (Yu et al, 2004;
Chelico et al, 2006). The third cytidine residue, underlined, is
converted to a uridine residue through deamination. Some
deamination of the second cytidine residue was also detected
after an extended reaction time, although experimental data
for and detailed features of the deamination of the second
cytidine residue, such as the reaction rate and yield, were not
provided (Chelico et al, 2006). Here, we have succeeded for
the first time to monitor the deamination reaction in real-time
by means of NMR signals. First, it was revealed by the NMR
spectra that the second and third cytidine residues, C5 and
C6, of the C4C5C6A7 sequence of 10-mer DNA are fully
deaminated and converted to uridine residues, US and U6,
24 h after the addition of the wild-type deaminase domain,
whereas the first cytidine residue, C4, is not deaminated at all
(Figure 5). Second, the time course of the deamination
reaction was monitored and chased in real-time using NMR
signals. Then, it was revealed that the deamination of the
third cytidine residue, C6, and the resultant appearance of the
signal of the generated uridine residue, U6, occur at a very
early stage of the time course, that is, within 30 min after the
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start of the reaction {Figure 6B). In contrast, it was found that
the deamination of the second cytidine residue, C5, and the
resultant appearance of the signal of the generated uridine
residue, U5, occur at a very late stage of the time course. The
reaction is accomplished between 4.5 and 24h, probably
around 10h, after the start of the reaction (Figure 6B-E).
Virtually, it looks as if the deamination of the CS residue
starts after accomplishment of deamination of the C6 residue.
Finally, both the C5 and C6 residues are fully deaminated and
converted to uridine residues. Thus, the detailed time course
of the deamination reaction of consecutive cytidine residues
was visualized by means of NMR signals. The monitoring
demonstrated that the deamination reaction occurs in a strict
3’5’ order.

It was reported that when there are two CCCA sequences
in one ssDNA, the deamination of the third cytidine residue
by APOBEC3G occurs more frequently for the CCCA sequence
located closer to the 5 end. On the basis of this finding, it was
concluded that APOBEC3G exerts an effect on multiple CCCA
sequences processively with 3’'—5 directionality along
ssDNA (Chelico et al, 2006). What we found here is the
order of the reaction within one CCCA sequence. Therefore,
the two findings regard different phenomena but may be
linked to each other in the sense of 3'—5' directionality/
order.

The method of real-time monitoring of the enzymatic
reaction with NMR signals has been established in this
work, and its usefulness to address the dynamical aspects
of the reaction is demonstrated. This method can be further
applied in future to study unique features of APOBEC3G such
as 3’ -+ 5 directionality and processivity (Chelico et al, 2006).
This method could also be applied to other enzymatic
systems.

A C-—U conversion through deamination in the minus
strand causes a G-»A mutation in the plus strand.
Deamination of the third cytidine of a CCCA sequence
in the minus strand results in the generation of a TAGG
sequence in the plus strand, which contains a stop codon,
TAG. Deamination of both the second and third cytidines of
the CCCA sequence in the minus strand results in the gen-
eration of a TAAG sequence in the plus strand, which con-
tains another stop codon, TAA. It is supposed that the anti-
HIV activity of APOBEC3G is partially due to the generation of
the stop codon through deamination and the resultant pre-
mature termination of viral open reading frames (Yu et al,
2004). APOBEC3G searches for the target sequence
processively with 3’'—5' directionality through sliding
and jumping after accomplishment of the deamination at
the first target sequence (Chelico et al, 2006). Our results
indicate that the deamination of the second cytidine residue
of the CCCA sequence occurs at a rather later stage of the
reaction time course. When the third cytidine residue of the
CCCA sequence is already deaminated, further deamination
of the second cytidine residue does not increase the number
of stop codons, whereas deamination of the third cytidine
residue of the other CCCA sequence does increase the num-
ber of stop codons. Therefore, it is reasonable that the
deamination of the second cytidine residue of the CCCA
sequence is carried out only at a later stage of the reaction
time course in terms of the maximization of the anti-HIV
activity of APOBEC3G through the generation of the stop
codons.
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Gag and nef initiation codons are mutated in 60 and
90% of Avif hu-APOBEC3G * reverse transcripts, respectively
(Yu et al, 2004). The ATG initiation codons of gag and
nef are followed by a G, forming a ATGG sequence. The
minus strand of ATGG is CCAT. To mutate the initiation
codon, deamination should occur at the cytidine residue
next to an adenosine residue, not at the other cytidine
residue. The phenomenon that the cytidine residue closest
to the adenosine residue is preferably deaminated
among three cytidine residues of the CCCA sequence may
have been selected during evolution to effectively mutate the
initiation codon and to maximize the anti-HIV activity of
APOBEC3G.

APOBEC3G orthologues from several species are active
against a broad range of retroviruses. For example, Vif-
defective HIV-1 is blocked by APOPBEC3Gs from human,
AGM and mouse (Mariani et al, 2003). Anti-HIV-1 activity of
human APOBEC3G is counteracted by Vif of HIV-1
(Conticello et al, 2003; Yu et al, 2003; Mehle et al, 2004;
Kobayashi et al, 2005). A far greater degree of specificity is
found in the Vif sensitivity. For example, Vif of HIV-1 effec-
tively counteracts human APOBEC3G but not APOBEC3G of
AGM. Conversely, Vif of simian immunodeficiency virus
(S1V) for AGM counteracts APOBEC3G of AGM but not
human APOBEC3G (Mariani et al, 2003). Then, it was
found that a single amino acid at the position 128 of
human and AGM APOBEC3Gs governs the species-specific
sensitivity of these proteins to Vif-mediated inhibition
{Mangeat et al, 2004). The amino acid at the position 128 is
Asp for human APOBEC3G and Lys for AGM APOBC3G,
respectively. It was demonstrated that human
APOBEC3Gp gk, in which Asp128 of human APOBEC3G
was replaced by Lys, exhibited the same Vif sensitivity
pattern as AGM APOBEC3G, as it became resistant to Vif of
HIV-1, but was effectively blocked by Vif of SIVigm.
Conversely, AGM APOBEC3Gg,,sp, in which Lys128 of
AGM APOBEC3G was replaced by Asp, acquired the HIV-1
Vif susceptibility (Mangeat et al, 2004). It was further demon-
strated that the phenotype correlates with the ability of Vif to
bind APOBEC3G and interfere with its incorporation into
virion (Mangeat et al, 2004).

The N-terminal domain of APOBEC3G is responsible for
the binding to Vif (Conticello et al, 2003; Harris and
Liddament, 2004) and the residue at the position 128 locates
in this domain. The structures of the N-terminal domains of
human and AGM APOBEC3Gs constructed with homology
modelling have given the implication on the mechanism of
species-specific sensitivity of APOBEC3G to Vif action.
D128 of human APOBEC3G and K128 of AGM APOBEC3G
are found to locate at the surface (Figure 7A and B), which
would allow them to interact with Vif. It is noted that
the surface potential is quite different around at the
position 128 between human and AGM APOBEC3Gs, due to
intrinsic difference in charge between Asp and Lys residues
(Figure 7C and D). It is supposed that this difference in the
surface potential is recognized by Vifs of either HIV-1 or
SIVagm, which results in the species-specific sensitivity of
APOBEC3G to Vif action. When D128 of human APOBEC3G
is replaced by a Lys residue, the surface potential around
at the position 128 becomes more similar to that of
AGM APOBEC3G (data not shown), which also supports
our idea.
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Materials and methods

Preparation of wild-type APOBEC3G and DNA oligomers
DNA encoding the cytidine deaminase domain of wild-type
APOBEC3G (193-384) was cloned into a pET15b expression vector
with an N-terminal hexahistidine (Hisg)-affinity tag and a thrombin
cleavage site (Novagen). E. coli BL21(DE3/RIL) cells (Stratagene)
were transformed with the vector and grown in 11 of M9 minimal
medium containing '*C-labelled p-glucose and '*NH,C! as the sole
carbon and nitrogen sources, respectively, to an optical density at
600nm of 0.6. Protein expression was induced with 1 mM IPTG at
37°C, and the cultures were harvested S5h after induction by
centrifugation (3000g) for 20min at 4°C. The cells were lysed
by sonication in lysis buffer (20 mM Tris-HCl (pH 7.5} and 150 mM
NaCl). The insoluble fraction was removed by centrifugation
(16000 g) for 20min at 4°C. The soluble fraction was loaded onto
a Ni Sepharose resin column (GE Healthcare), washed with a
solution comprising 20mM Tris-HCI (pH 7.5), 500mM NaCl,
30mM imidazole and eluted with an imidazole gradient of
30-500mM. The His, tag was cleaved using 50U of thrombin
protease (GE Healthcare) in 20mM Tris-HCl (pH 7.5), 500 mM
NaCl, 10uM ZnCl; and 5mM DTT at 25°C overnight. After removal
of thrombin with benzamidine-Sepharose resin (GE Healthcare),
the solution was loaded onto a Ni Sepharose resin column again,
washed with a solution comprising 20mM Tris-HCl (pH 7.5},
500 mM NaCl, 30 mM imidazole, 10 uM ZnCl; and 5 mM DTT, and
eluted with an imidazole gradient of 30-500 mM. The eluate was
dialysed against the solution comprising 20 mM Tris-HCl (pH 7.5),
30 mM NacCl, 10 uM ZnCl, and 5 mM DTT. Finally, Tris was replaced
by *H-labelled Tris using an ultrafiltration cartridge (Millipore). The
concentration of wild-type APOBEC3G was 0.1-0.4mM.

DNA oligomers, synthesized with a DNA synthesizer and
purified by reverse-phase HPLC, were purchased (Nippon Seihun).

Gel retardation experiment

32p.labelled DNA (200nM), d(ATTCCCAATT), was incubated with
various concentrations of APOBEC3G (40-80uM) at4°Cforlhina
10 pl solution comprising 20 mM Tris (pH 7.5), 150 mM NaCl, 10 uM
ZnCl, and SmM DTT. The mixtures were run on a 6%
polyacrylamide gel containing 45 mM Tris-borate, 150mM NaCl,
1 mM EDTA, and detected with BAS2000 (Fuji Film}.

NMR spectroscopy

NMR spectra were recorded with Bruker DRX800, DRX600 and
DRX500 spectrometers equipped with a cryoprobe with a
Z-gradient. Sequential assignments of the main chain and side
chain 'H, "*C and "N resonances of wild-type APOBEC3G were
made in the standard way using triple-resonance NMR spectra
(Clore and Gronenborn, 1994), as reported for other proteins
(Miyanoiri et al, 2003; Enokizono et al, 2005). For the chemical shift
perturbation experiment, a concentrated DNA solution was added
step by step to the APOBEC3G solution up to the APOBEC3G:DNA
ratio of 1:10, 'H-">N HSQC spectra being recorded at each step. For
real-time monitoring of the cytidine dearnination in an NMR tube, a
concentrated DNA solution was added at one time to the
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Abstract

Background: Hepatitis C virus (HCV) is one of the main causes of liver-related morbidity and
mortality. Although combined interferon-a-ribavirin therapy is effective for about 50% of the
patients with HCV, better therapies are needed and preventative vaccines have yet to be
developed. Short-hairpin RNAs (shRNAs) inhibit gene expression by RNA interference. The
application of transient shRNA expression is limited, however, due to the inability of the shRNA
to replicate in mammalian cells and its inefficient transduction. The duration of transgene (shRNA)
expression in mammalian cells can be significantly extended using baculovirus-based shRNA-
expressing vectors that contain the latent viral protein Epstein-Barr nuclear antigen | (EBNAI) and
the origin of latent viral DNA replication (OriP) sequences. These recombinant vectors contain
compatible promoters and are highly effective for infecting primary hepatocyte and hepatoma cell
lines, making them very useful tools for studies of hepatitis B and hepatitis C viruses. Here, we
report the use of these baculovirus-based vector-derived shRNAs to inhibit core-protein
expression in full-length hepatitis C virus (HCV) replicon cells.

Results: We constructed a long-term transgene shRNA expression vector that contains the EBV
EBNA! and OriP sequences. We also designed baculovirus vector-mediated shRNAs against the
highly conserved core-protein region of HCV. HCV core protein expression was inhibited by the
EBNAI/OriP baculovirus vector for at least |4 days, which was considerably longer than the 3 days
of inhibition produced by the wild-type baculovirus vector.

Conclusion: These findings indicate that we successfully constructed a long-term transgene
(shRNA) expression vector (Ac-EP-shRNA452) using the EBNAI/OriP system, which was
propagated in Escherichia coli and converted into mammalian cells. The potential anti-HCV activity
of the long-term transgene (shRNA) expression vector was evaluated with the view of establishing
highly effective therapeutic agents that can be further developed for HCV gene therapy
applications.
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Background

Infection by the hepatitis C virus (HCV) is a major public-
health problem, with 170 million people chronically
infected worldwide [1,2]. The current treatment with
combined interferon-ribavirin therapy fails to cure the
infection in 30% to 50% of cases [3,4], particularly those
with HCV genotypes 1 and 2. Chronic infection with HCV
results in liver cirthosis and can lead to hepatocellular car-
cinoma [5,6]. Although combined interferon-o-ribavirin
therapy is effective for about 50% of the patients infected
with HCV, better therapies are needed and preventative
vaccines have yet to be developed. In an effort to develop
an alternative to combined interferon-ribavirin treatment,
we used RNA interference based on short-hairpin RNA
(shRNA), which is a powerful tool for suppressing gene
function [7]. Small interference RNAs (siRNAs) directed
against HCV are likely to successfully block the replication
cycle because HCV is an RNA virus and replicates in the
cytoplasm of liver cells without integration into the host
genome.

The ability of baculoviruses, including Autographa califor-
nica multiple nuclear polyhedrosis virus (ACMNPV), to infect
insect cells has led to their use in multiple protein expres-
sion systems [8,9] and as plant insecticides {10]. ACMNPV,
the genome of which comprises a circular, double-
stranded DNA that contains ~130 Kbp [11] surrounded by
a large envelope, infects a variety of mammalian cell
types, with the exception of certain hematopoietic cell
lines, although its genome does not replicate or integrate
into mammalian chromosomes [12,13]. In particular, the
inability of baculoviruses to replicate in mammalian cells
makes them attractive candidate vectors for in vitro gene
therapy studies [14,15]. These recombinant vectors con-
tain compatible promoters and are highly effective in
infecting primary hepatocyte and hepatoma cell lines,
making them very useful tools for studies of hepatitis B
and hepatitis C viruses [16-18].

A major limitation of the baculoviral transduction vector,
however, is the short duration of transgene expression.
Because the baculovirus genome cannot replicate in mam-
malian cells, it is usually lost or diluted soon after infection.
The efficiency of transgene expression must be substantially
increased to be applicable for human gene therapy [19].
The Epstein Barr virus (EBV) plasmid is a replicating episo-
mal vector that has been developed to overcome the prob-
lem of rapid elimination of intracellularly-delivered
plasmid DNA in nonviral vector-mediated gene transfer.
EBV is a gamma herpes virus that is maintained as a ~172-
kb episome in a small ratio of resting B cells and epithelial
cells in most of the human population. EBV induces latent
infection in human B cells [20]. When EBV infects cells, the
linear and double-stranded genomes are circularized and
sustained as a stable episome. The EBV replication system
is present at about 1~100 copies per cell [21], and separates
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by non-covalent attachment to the host chromosome. The
EBV replicon vector system has been used to study long-
term transgene expression [22,23]. The origin for latent
viral DNA replication (OriP) [24] and the latent viral pro-
tein Epstein-Barr nuclear antigen 1 (EBNA1) [21] are essen-
tial for the replication of EBV [25]. The EBNA1/OriP
elements have been successfully exploited to achieve dura-
ble expression of foreign genes with plasmid- or virus-
based expression systems [26-30].

Previously, we demonstrated efficient inhibition of intracel-
lular HCV replication by baculovirus-based shRINA-express-
ing vectors [31]. This expression system is transient,
however, and therefore unable to provide long-term expres-
sion of the shRNA. We hypothesized that long-term trans-
gene (shRNA) expression can be significantly improved in
mammalian cells using baculovirus-based shRNA-express-
ing vectors containing EBNA1/OriP sequences.

In the present study, we constructed a long-term transgene
(shRNA) expression vector {Ac-EP-shRNA452) using the
EBNA1/OriP system, which was propagated in Escherichia
coli and converted into mammalian cells. The potential
anti-HCV activity of the long-term transgene (shRNA)
expression vector was evaluated with the view of estab-
lishing highly effective therapeutic agents that can be fur-
ther developed for HCV gene therapy applications.

Results

Construction of baculovirus transfer vectors carrying
shRNA-synthesizing cassettes

The core-protein forms the nucleocapsid and modulates
gene transcription, cell proliferation, and apoptosis. HCV
functions as an mRNA with a single-stranded RNA
genome; thus, we hypothesized that cleavage of the core-
protein mRNA would inhibit nuclear transport and virus
duplication. We previously reported the design of baculo-
virus vectors expressing shRNA against the following
region of the HCV: 452-472, which contains the nuclear
localization signal site of the HCV core region (Figure 1A,
B) [31]. This vector cannot, however, induce long-term
shRNA expression. Therefore, we constructed a long-term
transgene shRNA expression vector that contains the EBV
EBNA1 and OriP sequences (Figure 1C). Recombinant
baculovirus containing the shRNA genome (Ac-shRNA
and Ac-EP-shRNA) was generated by homologous recom-
bination of the transfer vector and linearized baculovirus
DNAs (BD Biosciences, San Jose, CA) in Sf9 cells. Viruses
were produced at high titers, ranging from 2.0 x 108t0 4.5
x 108 pfu/ml.

Inhibition of HCV RNA replication of EBNAI/OriP
baculovirus-mediated shRNA-expression vectors in the
HCYV replicon

We investigated whether the intracellular expression of
shRNA inhibited viral replication and affected HCV RNA
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levels in NNC#2 cells. The baculovirus-infection effi-
ciency of NNC#2 cells ranged from 80% to 90% [31).
Real-time reverse transcription polymerase chain reaction
(RT-PCR) was used to examine the ability to silence RNA
in NNC#2 cells 3 days post-infection. When NNC#2 cells
were infected with Ac-shRNAs at a multiplicity of infec-
tion (MOI) of 50 and 100, HCV RNA levels were signifi-
cantly reduced compared with a scrambled shRNA
control. Two of the constructs, Ac-shRNA452 (55%, MOI
50; 71%, MOI 100) and Ac-EP-shRNA452 (55%, MOI 50;
67%, MOI 100), inhibited the HCV RNA levels (Figure
2A). In contrast, the control baculovirus vector (Ac-EP-
control-shRNA) did not inhibit HCV replication (Figure
2A). These findings indicated that the shRNA had a
sequence-specific inhibitory effect on HCV replication.
We next used the CLEIA assay to examine whether shRNA
against the HCV core protein inhibited viral replication.
When NNC#2 cells were infected with Ac-shRNAs at MOIs
of 50 and 100, core-protein expression was significantly
reduced compared with a non-related shRNA control (Fig-
ure 2B). The Ac-EP-control-shRNA baculovirus vectors
had no inhibitory effect on HCV replication.

Enhanced baculovirus-mediated shRNA effects were
observed in the presence of EBNAI/OriP

To investigate the effect of EBNA/OriP on shRNA expres-
sion, we examined the inhibition of HCV replication by
Ac-shRNA452 and Ac-EP-shRNA452 in NNC#2 cells for
14 days. When NNC#2 cells were infected with either Ac-
shRNA452 or Ac-EP-shRNA452 at an MOI of 100, core-

protein expression was significantly reduced compared
with a scrambled shRNA control (Ac-EP-control-shRNA)
for 3 days (data not shown). Both Ac-shRNA452 and Ac-
EP-shRNA inhibited HCV replication for 3 days (Figure
3A). After 3 days, however, cells infected with Ac-
shRNA452 exhibited a steady increase in HCV RNA
expression while those infected with Ac-EP-shRNA452
continued to have low HCV RNA expression for at least 14
days (Figure 3A). Infection of the NNC#2 cells with
recombinant baculovirus vectors containing genetic ele-
ments from EBV, EBNA1, and OriP did not induce cellular
toxicity, as determined with a bromodeoxyuridine
(BrdU)-based colorimetric assay (Figure 3B). These results
suggest that HCV RNA expression was more effectively
inhibited by the EBNA/OriP baculovirus vector than by
the wild-type baculovirus vector.

Production of EBNAI protein and siRNA by baculovirus-
based shRNA-expressing vectors containing EBNAI/OriP
sequences

We first used Western blot analysis to detect EBNAL1 pro-
tein in Ac-EP-shRNA-infected cells (Figure 4A). EBNA1
protein was detected in the Ac-EP-shRNA-infected cells.
Then, to investigate whether HCV core gene-targeting shR-
NAs can be digested to mono-specific products of the
expected size, siRNAs were analyzed by Northern blot
analysis of shRNA-expressing NNC#2 cells. The siRNAs
from both Ac-shRNA452 and Ac-EP-shRNA452 yielded
products of ~20 nt, which is the expected size of mono-
meric siRNAs, for 3 days (Figure 4B). The siRNA band in
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Inhibition of HCV RNA by EBNA1/OriP and wild-type baculovirus-mediated sh452. A Real time PCR analysis of
HCV RNA expression after transduction of HCV full replicon cells (NNC#2, 4 x 104 cells/well) with an MOI 50 and 100 bacu-
lovirus-mediated shRNA. HCV RNA values relative to the scrambled shRNA control are shown. B Inhibition of HCV replica-
tion by baculovirus-mediated core shRNAs. Ac-shRNAs were used to infect HCV replicons and intracellular HCV core protein
levels measured after 3 days by an HCV protein antigen CLEIA assay. Error bars represent standard errors of the mean from

three experiments. *p < 0.01.

Ac-shRNA452-infected cells, however, became undetecta-
ble after 5 days. In contrast, siRNA in Ac-EP-shRNA452-
infected cells could be detected for at least 14 days.

Discussion

There is high demand for the development of effective
anti-HCV drugs. Gene silencing by RNA interference is a
promising approach to elucidate gene function and to
inhibit certain RNA viruses such as HCV [32-34]. Delivery
of siRNA to the appropriate cells or tissues, however, is a
major challenge. Several approaches have been described
for generating loss-of function phenotypes in mammalian
systems using siRNA, but these techniques are limited and
are not suitable for generating a long-term silencing effect
in vivo [35,36]. Efficient and safe delivery systems have not
yet been established for the suppression of HCV replica-
tion. Baculoviruses appear to be useful viral vectors, not
only for the abundant expression of foreign genes in
insect cells, but also for efficient gene delivery to the
hepatoma lines HepG2 and Huh7 [37]. One of the major
limitations of the baculoviral transduction vector is the
short duration of transgene expression. The EBNA1/OriP
system has been widely exploited in many different vec-
tors and cell lines. The findings suggest that the EBNA1/

OriP system is effective and useful for long-term and high-
level transgene expression.

In this study, recombinant baculovirus vectors containing
genetic elements from EBV, EBNA1/OriP, which are
essential for the episomal maintenance of the EBV
genome in latently infected cells, were constructed and
tested for their ability to sustain and express the transgene
(enhanced HCV core gene-targeting shRINAs) in HCV rep-
licon cells. The introduction of wild-type or EBNA1/OriP-
baculovirus-mediated sh452 into target cells containing
HCV replicon RNA induced a dose-related reduction in
the level of HCV RNA at 3 days. The effectiveness of the
inhibition of HCV replication, however, did not differ
under the control of the two different vectors (Ac-
shRNA452 or Ac-EP-shRNA452).

To investigate the long-term effect of EBNA/OriP on
shRNA expression, we examined the inhibition of HCV
replication by Ac-shRNA452 and Ac-EP-shRNA452 in
NNC#2 cells for 14 days. Both Ac-shRNA452 and Ac-EP-
shRNA inhibited HCV replication for 3 days. After 3 days,
however, cells infected with Ac-shRNA452 exhibited a
steady increase in HCV RNA expression while those
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Figure 3

Long-term inhibition of HCV RNA by EBNAI/OriP
and wild-type baculovirus-mediated sh452. A Real-
time RT-PCR analysis of HCV RNA expression after trans-
duction of HCV full replicon cells (NNC#2, 4 x 104 cells/
well) with Ac-shRNA452 (MOI = 100 [circle]), Ac-EP-
shRNA452 (MOI = 100 [square]). B The cytotoxicity of Ac-
EP-shRNA452 (square) and Ac-shRNA452 (circle) repre-
sented as the percentage reduction of viable Huh-7 cells. A
cytotoxicity assay was performed using a BrdU Cell Prolifer-
ation ELISA kit according to the manufacturer's instructions
(Roche Diagnostics GmbH). The toxicity results are repre-
sentative of three independent experiments.

infected with Ac-EP-shRNA452 continued to have low
HCV RNA expression for at least 14 days. These recom-
binant baculovirus vectors containing genetic elements
from EBV, EBNAL1, and OriP did not induce cellular toxic-
ity in the NNC#2 cells, as determined with a BrdU-based
colorimetric assay. The HCV RNA was inhibited by
EBNA1/OriP baculovirus-mediated shRNA452 for a
longer time by the EBNA1/OriP baculovirus vector than
by the wild-type baculovirus vector.

To investigate whether EBNA1/OriP baculovirus-medi-
ated shRNA452 can be digested to mono-specific prod-
ucts of expected size, monomeric siRNAs were performed
by Northern blot analysis in AB1-shRNA expressing
NNC#2 cells. The shRNAs yielded products ~20 nt, the
expected size of monomeric siRNAs, over the long term.
Furthermore, EBNA1 protein was also detected in the Ac-
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EP-shRNA-infected cells. These findings indicated a direct
correlation between the level of the virus and siRNA or
EBNA1 production.

Conclusion

The results of the present study indicate that we have suc-
cessfully constructed a long-term transgene (shRNA)
expression vector {Ac-EP-shRNA452) using the EBNA1/
OriP system, which was propagated in Escherichia coli and
converted into mammalian cells. The potential anti-HCV
activity of the long-term transgene (shRNA) expression
vector was evaluated with the view of establishing highly
effective therapeutic agents that can be further developed
for HCV gene therapy applications.

Methods

Cell culture

NNC#2 (NN/1b/FL) cells [38] carrying a full genome rep-
licon were cultured in Dulbecco's modified Eagle's
medium supplemented with 10% fetal bovine serum,
non-essential amino-acids, L-glutamine, and 1 mg/ml
G418 (Invitrogen, Carlsbad, CA).

Northern blot analysis

Total RNA was extracted from Ac-shRNA452 infected
Huh7 cells using a mirVana™ miRNA Isolation Kit,
according to the manufacturer's instructions (Roche Diag-
nostics GmbH, Mannheim, Germany). Small RNAs (5 pg)
were loaded onto a 15% (w/v) polyacrylamide/7 M urea
gel. After transfer to a Hybond-N™ nylon membrane (GE
Healthcare Bio-Sciences Corp., Piscataway, NJ), synthetic
locked nucleic acid (LNA)/DNA oligonucleotides (sh452:
5'-DIG-CCGCGCAGGGGCCCCAGG-3') complementary
to the antisense strand of the shRNA452 were used as
probes. The membranes were prehybridized for 1 h in
DIG EASY hybridization buffer (Roche Diagnostics
GmbH) at 60°C and hybridized overnight to the 5'-DIG
labeled LNA/DNA probe (10 ng/ml of hybridization
buffer). Four post-hybridization washes were performed
for 20 min each at 60°C with 2x SSC (1x SSC=0.15M
NaCl plus 0.015 M sodium citrate-0.1% sodium dodecyl
sulfate). LNA/DNA/RNA hybrids were detected using the
CSPD chemiluminescent detection system (Roche Diag-
nostics GmbH).

Western blot analysis

Cells were lysed in 1x CAT enzyme-linked immunosorb-
ent assay buffer (Roche Diagnostics GmbH). Cell lysates
were separated by sodium dodecyl sulfate/polyacrylamide
gel electrophoresis and transferred to nitrocellulose mem-
branes, and these were blocked with PVDF Blocking Rea-
gent {TOYOBO, Ohsaka, Japan). The primary antibodies
used were monoclonal antibodies against EBNA1 (Acris
Antibodies GmbH) and G3PDH (Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA). Horseradish peroxidase-conju-
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