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Figure 8. Effects of NPM3 incorporation into the NPM1 pentamer on the NPM1 functions in somatic cells. (A) Purified GST-NPM1/His-NPM3
oligomer. GST-NPM1 was first purified and denatured in the absence or presence of three times molar excess of His-NPM3, the mixtures were
dialyzed to refold the proteins and the excess His-NPM3 was removed by purification of the proteins with glutathione sepharose. GST, GST-NPM1
and GST-NPM1/His-NPM3 (lanes 1-3, respectively, 200ng of GST proteins) were separated on 12.5% SDS-PAGE and visualized with CBB
staining. (B) RNA-binding activity of the NPM1-NPM3 complex. Increasing amounts of GST-NPM1 and GST-NPM1/His-NPM3 were mixed with
32p_labeled total RNA purified from HeLa cells. The mixture was filtrated through nitrocellulose membrane. The membrane was extensively washed
and the radio-active RNA retained on the membrane was detected by BAS2500 image analyzing system (top panel). Experiments were performed
with doublet and the average radioactivity of the retained RNA is graphically shown at the bottom. The radio-active RNA incubated in the absence
of NPM proteins (lane 1) retained on the membrane was set as 1.0 and relative amounts of retained RNA were measured. Two independent
experiments demonstrated similar results. (C) Depletion of NPM1 from the extracts. NPM1 was immune-depleted from the extracts prepared from
HelLa cells stably expressing EF-NPM3 using an anti-NPM1 antibody. Increasing amounts (1, 3 and 10 pug of proteins) of mock- and NPM 1-depleted
extracts (lanes 1-3 and 4-6, respectively) were separated by SDS-PAGE and analyzed by western blotting with anti-Flag, anti-NPM1 and
anti-PCNA antibodies. (D) FRAP analysis of NPM1 and NPM3. HeLa cells stably expressing either EF-NPM1 or EF-NPM3 were grown on
the glass-base dishes. FRAP analyses were performed as described in ‘Materials and Methods’ section. Small nucleoli as shown by white circle in the
left panels were breached by a 488-nm laser and the fluorescent recovery at the bleached nucleoli was measured every 0.5s. The fluorescence at the
bleached area relative to the initial fluorescence (1.0) was calculated and plotted as a function of time. The data are represented as mean values + SD
from 12 and 10 experiments for NPM1 and NPM3, respectively. The ¢, of fluorescence recovery (7.10 and 4.29s for NPM1 and NPM3, respect-
ively) was estimated by curve fitting as described in ‘Materials and Methods’ section. Typical FRAP images of EF-NPM1 and EF-NPM3 before
bleaching, and 0 and 6.2s after bleaching are shown at the bottom.

proteins can potentially remodel sperm chromatin. Further-
more, we also found that NPM3 enhanced the dynamics of
NPMI1 in somatic growing cell nuclei (Figure 8).

Oligomer formation by human NPM proteins

Unlike NPM1 and NPM2, NPM3 did not form stable
homopentamers/decamers in solution (Figure 2). The

NPM3 crystal structure has not been reported until date;
therefore, it is difficult to understand why NPM3 cannot
form a homopentamer. The trypsin digestion assay sug-
gested that NPM3 forms a compact typical NPM core
structure to form dimers or trimers in solution (Figures
2 and 6). NPM3 has conserved sequences such as the
AKDE sequence and K-loop required for pentamer—
pentamer interaction (Figure 2D) (10,11). Thus, dimer
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or trimer formation could be mediated by these sequences.
However, given that the expression level of NPM3 was
significantly lower than that of NPM1 in HeLa cells and
mouse oocytes (Figure 1D and F) and NPM3 was effi-
ciently depleted with NPM1 from cell extracts (Figure
8C), NPM3 mainly functions with NPM1 in cells.
Crosslinking experiments and BN-PAGE data (Figure
2) suggested that NPM1 and NPM3 preferentially form
a decamer consisting of two NPM1:NPM3 (4:1) penta-
mers. If a NPM3 molecule can form contacts with two
NPMI1 molecules, a NPM1-NPM3 (3:2) complex should
be formed in addition to the (4:1) complex. However, we
could not detect a clear band corresponding to the
NPMI1-NPM3 (3:2) complex by BN-PAGE (Figure 6B),
suggesting that only one monomer-monomer interaction
surface is likely to be active in NPM3. In addition, gel
filtration analysis revealed that the NPMI1-NPM3
complex was less stable than NPM1 alone (Figure 6D).

Nucleic acid-binding activity of human NPM2

We found that human NPM2 has potential DNA and
RNA-binding activities (Figure 4B and data not shown)
that are regulated by phosphorylation with mitotic
extracts (Figure 4). In germinal vesicles (GV), the phos-
phorylation status of mouse NPM2 was found to be sig-
nificantly lower than that of NPM?2 in MII stage eggs (31).
NPM?2 is localized in the nucleoplasm and also in the
nucleolus-like bodies (NLB) in GVs, but it is also
distributed throughout the cell upon entry into the MII
stage (5,27,31). This localization change is extremely
similar to that found with NPMI1 in growing somatic
cells. NPM1 is mainly localized in the interphase nucleolus
but becomes distributed throughout the cell during mitosis
when the RNA-binding activity of NPM1 is suppressed by
phosphorylation with cyclin B/cdc2 kinase (23). A NPM1
mutant mimicking mitotic phosphorylation status cannot
stably localize in the nucleolus, even in interphase cells
(32). Based on the relationship between the RNA-
binding activity and nucleolar localization of NPM1, it
is strongly suggested that NPM2 localization in NLBs is
regulated by its nucleic acid-binding activity. The
C-terminal basic clusters of mouse NPM2 were shown
to be necessary for NLB localization in and formation
of GVs (27). In addition, NPM2 possesses nuclear re-
modeling activity (3,4). Thus, we propose that the NLB
localization of NPM2 in GVs is important for restricting
any unfavorable remodeling of maternal chromatin.

Sperm chromatin remodeling by human NPM proteins

NPMI1 and the NPMI-NPM3 complex efficiently
mediated sperm chromatin decondensation and nucleo-
some assembly, whereas NPM2 activity was lower than
those of NPM1 and the NPM1-NPM3 complex. Mouse
and human NPM2 proteins do not possess the typical
‘Al tract’, an acidic amino acid cluster, in the core
domain, which is conserved in most NPM family
proteins (Figure 2D). The Al tract of Xenopus
nucleoplasmin/NPM2 was shown to be crucial for sperm
chromatin decondensation activity (33). In addition, the
human NPM2 core domain alone did not efficiently bind

to histones (9). This could be the reason why human
NPM2 did not show efficient sperm chromatin remodeling
activity. However, it is reasonable to speculate that NPM?2
has sperm chromatin decondensation activity because
sperm chromatin decondensation was reduced in NPM?2
knock out mouse eggs (5,27), and the expression level of
NPM?2 was higher than those of NPMI1 and NPM3
(Figure 1F). The N-terminal flexible region and the
C-terminal basic region of nucleoplasmin (Xenopus
NPM2) are phosphorylated in Xenopus eggs, and the
phosphorylation of these two tail domains was found to
be necessary for efficient sperm chromatin remodeling
(30,34). Potential phosphorylation sites in the
N-terminal tail domain and the C-terminal basic region
are conserved in human NPM2 and phosphomimetic
mutation at these sites significantly increased the sperm
chromatin remodeling activity of NPM2 (Figure 4D and
E). Thus, it is likely that the NPM2 activity is regulated by
phosphorylation during oogenesis and after fertilization.
Since the activity of phosphomimetic NPM2 mutants was
lower than that of NPMI, it is possible that additional
phosphorylation sites are involved in the stimulation of
NPM2 activity.

Sperm chromatin decondensation occurs in NPM2
knockout mice eggs (5,27). It is therefore clear that add-
itional factors are necessary for sperm chromatin remodel-
ing. As shown in this study, NPM1 and NPM3 are good
candidate sperm chromatin decondensation factors in
fertilized eggs. Furthermore, NAP/SET family proteins
(Napl-like proteins and SET/TAF-I) are ubiquitously ex-
pressed and have potential sperm chromatin decon-
densation activity (21,35). Moreover, the histone
chaperone HIRA and the chromatin remodeling protein
CHDI1 cooperatively mediate nucleosome assembly with
histone H3.3 in the paternal genome (36,37). Given that
sperm chromatin decondensation depends on the concen-
tration of decondensation factor(s), the determination of
the stoichiometry between these candidate factors should
help elucidate the mechanism of this process.

NPM3 function in growing somatic cells

Our results clearly indicate that NPM3 can mediate sperm
chromatin remodeling when included in a pentamer with
NPMI1 (Figure 7). Moreover, we found that NPM3 regu-
lates NPM1 mobility in growing somatic cells (Figure 8).
However, the exact cellular function of NPM3 has not
been clarified. Transient expression of NPM3 inhibits
the ribosome biogenesis function of NPMI1 in a trans-
formed monkey cell line (26). These results suggest that
NPM3 is a negative regulator of cell growth, possibly
through the inhibition of NPM1 function. In contrast,
endogenous NPM3 is highly expressed in mouse ES
cells, where the expression level is decreased after differ-
entiation, and NPM3 overexpression in ES cells increases
cell growth (25). We also found that NPM3 expression in
normal human fibroblast cells is much lower than that
found in cancer-derived cell lines, including HeLa and
293T cells (data not shown). Therefore, it seems likely
that NPM3 expression is associated with cell growth
rate. As shown in Figure 8, NPM1 mobility appeared to
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be increased by complex formation with NPM3.
Nucleo-cytoplasmic shuttling of NPM1 was shown to con-
tribute to the export of ribosome subunits (38—40), thereby
decreasing cell growth. These results suggest that the
nucleo-cytoplasmic shuttling of NPMI1 is important for
positive cell growth. In this regard, NPM3 may have a
growth-associated function.

Finally, it should be mentioned that the NPM1-NPM3
complex functions as an active histone chaperone (Figure
6). NPM3 incorporation into the NPM1 oligomer in-
creases NPMI retention time in the nucleoplasm, and it
is possible that the NPM1-NPM3 complex is involved in
the regulation of chromatin structure at the specific gene
loci driven by RNA polymerase II. NPM1 is associated
with a variety of RNA polymerase II-regulated genes (41).
Therefore, it would be interesting to test whether NPM1
and NPM3 cooperatively regulate the gene expression
profile in somatic growing cells.
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adenovirus chromatin structure at late infection
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B23/nucleophosmin has been identified in vitro as a stimulatory factor for replication of
adenovirus DNA complexed with viral basic core proteins. In the present study, the in vivo
function of B23 in the adenovirus life cycle was studied. It was found that both the expression of
a decoy mutant derived from adenovirus core protein V that tightly associates with B23 and
small interfering RNA-mediated depletion of B23 impeded the production of progeny virions.
However, B23 depletion did not significantly affect the replication and transcription of the virus
genome. Chromatin immunoprecipitation analyses revealed that B23 depletion significantly
increased the association of viral DNA with viral core proteins and cellular histones. These
results suggest that B23 is involved in the regulation of association and/or dissociation of core
proteins and cellular histones with the virus genome. In addition, these results suggest that
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proper viral chromatin assembly, regulated in part by B23, is crucial for the maturation of

INTRODUCTION

Adenovirus is an icosahedral particle with a linear dsDNA
of approximately 36000 bp. The linear DNA is linked
covalently to virus-encoded terminal proteins and con-
densed with the viral basic proteins Mu, VII and V, thus
forming a chromatin-like structure termed adenoviral
core/chromatin (Anderson et al, 1989; Black & Center,
1979; Chatterjee et al., 1985). Protein VII, a 19 kDa basic
protein, is the major component of the adenoviral core and
is most tightly associated with the genome (Sung et al.,
1983). Protein V associates loosely with the viral DNA and
forms an outer shell around the core to link it to the capsid
through a dimer of polypeptide VI (Brown et al, 1975;
Chatterjee et al., 1985; Fedor & Daniell, 1983). The virus
genome is thought to be packed around the hexamer of
core protein VII, and each unit of the viral DNA-VII
hexamer complex is bridged by core protein V (Déry et al,,
1985; Sung et al., 1977).

tThese authors contributed equally to this work.

Supplementary methods and two supplementary figures are available
with the online version of this paper.

Infecting adenovirus particles are disassembled in the
cytoplasm in a stepwise manner after penetration through
endocytosis, and the viral core enters the nucleus through
nuclear pore complexes (Greber et al, 1996; Martin-
Fernandez et al., 2004; Nakano et al., 2000; Trotman et al.,
2001). During entry of the virus genome into the nucleus,
core protein V seems to become dissociated from the viral
chromatin. Thus, viral DNA associated with core protein
VII functions as a template for viral early gene transcrip-
tion and DNA replication in the infected cell nucleus
(Chatterjee et al., 1986; Haruki et al., 2006; Xue et al,
2005). However, it has been reported that core proteins
function as a repressor for transcription and replication in
vitro (Johnson et al, 2004; Matsumoto et al, 1995;
Nakanishi et al., 1986). Therefore, it is suggested that core
proteins are either released or remodelled after entry into
the host nucleus (Chen et al, 2007; Matsumoto et al.,
1993, 1995; Spector, 2007). Histones may associate with
the incoming viral DNA (Sergeant et al, 1979; Tate &
Philipson, 1979). Recently, it has been shown that, as well
as protein VII, cellular histones are also functional com-
ponents of viral chromatin in the early phases of infection
(Komatsu et al., 2011). During the late stages of infection,
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the precursor of core protein VII (pre-VII) and core
protein V are synthesized at high levels concomitant with
viral DNA synthesis, assembled onto newly replicated
DNA and incorporated into immature virions (Daniell et
al., 1981). Newly replicated viral DNA may associate with
cellular histones (Déry et al., 1985). However, mature
adenovirus particles do not contain cellular histones. It is
still largely unknown how only the virus genome
associated with viral core proteins is selectively incorpo-
rated into virions. It is also unknown which cellular
factors are involved in this process.

Previously, we identified host factors termed template-
activating factors (TAF)-I, -II and -III from uninfected
Hela cell extracts that remodelled the adenoviral core
structure and stimulated replication and transcription
from the core (Matsumoto et al, 1993, 1995; Okuwaki et
al., 2001a). Recently, we have shown that TAF-I remodels
the core structure by forming a ternary complex with
adenoviral DNA—core protein VII complexes and plays an
important role in the early stages of the adenovirus
infection cycle (Gyurcsik et al., 2006; Haruki et al., 2003,
2006; Komatsu et al, 2011). TAF-II is identical to
nucleosome assembly protein 1 (NAP-1), a structural and
functional homologue of TAF-I (Kawase et al, 1996;
Nagata et al., 1995). The major component of TAF-III was
found to be B23/nucleophosmin (Okuwaki et al., 2001a).

B23/nucleophosmin is an abundant ubiquitously expressed
cellular protein that modulates diverse molecular functions
such as ribosome biogenesis (Hingorani et al., 2000; Savkur
& Olson, 1998), centrosome duplication (Okuda et al,
2000), chromatin assembly/disassembly (Okuwaki et al,
2001b, 2005) and nucleo-cytoplasmic trafficking (Adachi
et al., 1993; Yu et al., 2006). Two splicing variants of B23,
B23.1 and B23.2, which differ only in their C-terminal
regions, are expressed in a variety of growing cells. Both
B23.1 and B23.2 contain highly acidic domains, whilst
the C-terminal region unique for B23.1 is essential for its
RNA-binding activity. Recently, we have shown that B23
interacts with adenoviral core proteins V, VII and pre-VI],
and may have a role as a chaperone in the assembly of core
proteins into the viral core (Samad et al., 2007). However,
an in vivo role(s) of B23 in the adenovirus life cycle has not
yet been clarified. Here, we developed a decoy molecule
for the interaction between B23 and core protein V based
on analysis of their interaction domains. Furthermore,
we studied the effect of small interfering RNA (siRNA)-
mediated knockdown of B23 on adenovirus proliferation.
Perturbation of B23 function by overexpression of the
decoy molecule or by knockdown was shown to impede
adenovirus proliferation without significant inhibition of
viral DNA replication or viral late gene expression. How-
ever, chromatin immunoprecipitation (ChIP) experiments
indicated that the association of core proteins and cellu-
lar histones with viral DNA was significantly increased
following B23 knockdown. Taken together, these results
suggest that B23 is required for maintenance of the proper
adenovirus chromatin structure.

RESULTS

Domains of core protein V required for its
interaction with B23

Recently, we showed that B23 interacts with adenoviral
core proteins V and VII (Samad et al., 2007). However, the
function of B23 in adenovirus proliferation has not yet
been clarified. To gain additional insight into the in vivo
function of B23, we designed a decoy molecule based on
analysis of the interaction domains between B23 and core
protein V. First, we determined the domain of core protein
V required for its interaction with B23. Core protein V
contains lysine- and arginine-rich basic clusters in its N-
and C-terminal regions. We postulated that core protein V
would interacts with B23 through these basic clusters, as it
has been shown that the acidic region of B23 is essential for
its function (Okuwaki et al, 2001a). To test this
hypothesis, we constructed a series of deletion mutants,
as shown in Fig. 1(a). GFP- and Flag-tagged core protein V
mutants were co-expressed with haemagglutinin (HA)-
tagged B23.1 in 293T cells, and immunoprecipitation
assays were carried out with anti-Flag antibody. HA-B23.1
was co-immunoprecipitated with full-length core protein V
(Fig. 1b, lane 10). The mutants V(1-313) and V(44-369),
lacking the C- and N-terminal regions, respectively, bound
similarly to HA-B23.1 (Fig. 1b, lanes 11 and 12). However,
mutants V(44-313) and V(79-313), lacking both N- and
C-terminal basic clusters showed virtually no ability to
interact with HA-B23.1 (Fig. 1b, lanes 13 and 14). In
contrast, the N- and C-terminal fragments, in the form of
mutants V(1-78) and V(314-369), respectively, efficiently
co-precipitated HA-B23.1 (Fig. 1b, lanes 15 and 16). These
results indicated that both N- and C-terminal regions are
involved in the interaction between B23 and core protein
V, and that these fragments would be good candidates for
decoy molecules for the interaction of core protein V with
B23.

Inhibition of infectious virus production by B23
decoy molecule

We hypothesized that overexpression of these domains
would interfere with the function of B23 in adenovirus
proliferation if B23 is involved in the virus life cycle. To test
this, HeLa cells were transfected with GFP-empty vector
or with vectors for the expression of GFP-V, GFP-V(1-78),
GFP-V(79-313) and GFP-V(314-369), and superinfected
with human adenovirus type 5 (HAdV5) at 20 h post-
transfection. At 24 h post-infection (p.i.), progeny virus
particles were collected and the infectivity titre was deter-
mined as described in Methods [Figs 1c and S1 (available
in JGV Online)]. The results demonstrated that over-
expression of GFP-V, GFP-V(1-78) and GFP-V(314~
369), but not of GFP alone or GFP-V(79-313), inhibited
the production of infectious virus particles. These results
suggested that the mutant proteins that tightly associated
with B23 inhibited the infectious virus production. It was
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Fig. 1. N- and C-terminal regions of core
protein V are required for the interaction with
B23. (a) Schematic diagram of wild-type and
mutant protein V constructs. GFP-Flag tag
was fused at the N terminus of core protein V
and its mutant proteins. The basic clusters of
core protein V are indicated by filled boxes. (b)
Immunoprecipitation of Flag-tagged core pro-
tein V. 293T cells were transiently co-trans-
fected with HA-B23.1 and either GFP-Flag~
protein V or its mutants. After immunoprecipi-
tation without (=) or with (+4) anti-Flag
antibody, proteins in input extracts (lanes 1~
8) and precipitated proteins (lanes 9-16) were
separated by SDS-PAGE (12.5 % acrylamide)
and detected by Western blotting with anti-HA
and anti-Flag antibodies (top and bottom
panels, respectively). The positions of GFP~
Flag-tagged protein V and its mutants are
indicated by arrowheads on the left of each
lane. (c) Inhibition of virion production by a
decoy molecule. Hela cells were transfected
with GFP-empty vector or a vector expressing
GFP-Flag-tagged V(1-78) mutant. At 20 h
post-transfection, cells were infected with
HAdV5. At 24 h p.i, virus in the culture fluid
was collected and virus titre was determined.
In the lower panel, expression of exogenous
proteins as well as f-actin was confirmed by
Western blotting. (d) Rescue experiments,
Cells were transfected with GFP-Flag (lane
1), GFP-Flag—V(1-78) with pCHA empty
vector (lane 2) or GFP-Flag-V(1-78) with
pCHA-B23.1 vector (lane 3). At 24 h post-
transfection, the cells were superinfected with
HAdV5 and virus production was examined as
described in (c). Exogenously expressed pro-
teins were detected by Western blotting,
shown in the lower panel.

further demonstrated that co-expression of exogenous
B23 with GFP-V(1-78) (Fig. 1d) rescued the negative
effect of GFP—V(1-78). These results supported the idea
that V(1-78) functions as a type of decoy for the
interaction between B23 and core protein V, and that
impairment of this interaction decreases the progeny virus
production level.

B23 knockdown inhibits the production of
infectious viral particles

To further demonstrate that B23 is involved in adenovirus
proliferation, we decreased the cellular B23 level using

siRNA specific for B23.1. Although both B23.1 and B23.2
have been suggested to be differentially involved in adeno-
virus replication (Hindley et al, 2007), we focused on
B23.1, as it is concentrated in the nucleolus, where core
protein V is located at the late stage of infection (Matthews,
2001), whilst B23.2 is distributed throughout the nucleus.
In addition, depletion of B23.1 alone was shown to effi-
ciently decrease the nucleolar function of B23 (Murano
et al.,, 2008). Treatment of Hela cells with B23.1 siRNA
decreased the cellular B23.1 protein level but not that of
B-actin, whereas control siRNA had no effect (Fig. 2a). The
expression levels of another host factor for adenovirus
remodelling, TAF-I, and other nucleolar proteins such as
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nucleolin and fibrillarin were found to be unchanged
following B23 knockdown (Fig. 2b). To examine the effect
of B23 knockdown on adenovirus proliferation, control
and B23.1 siRNA-treated Hela cells were infected with
HAdV5. We first examined the effect of siRNA treatment
on the localization of viral proteins (Fig. 2¢). In control
siRNA-treated cells, DNA-binding protein (DBP) was
concentrated in nuclear foci, whilst core protein VII was
distributed throughout the nuclei at 24 h p.i. As reported
previously (Hindley et al, 2007; Matthews, 2001), the
nucleolar localization of B23 was slightly suppressed
following adenovirus infection, and B23 was partially co-
localized with core protein VII but not with DBP. We also
demonstrated that the localization patterns of DBP and
core protein VII were not significantly affected by B23.1
siRNA treatment. At 24 h p.i.,, the supernatant fraction
containing progeny virus particles was collected, cleared by
low-speed centrifugation and examined to determine the
infectious titre (Fig. 2d). The production of infectious
progeny virus particles from B23 knockdown cells was
decreased to approximately 50—60 % of that from control
siRNA-treated cells (Fig. 2d, lanes 1 and 2). Even with the
decreased B23.1 level, adenovirus production increased
until 48 h p.., although the amount of infectious virus
produced from 24 to 36 h p.i. was lower than that in the
control siRNA-treated cells (Figs 2¢ and S2). These results
suggested that B23.1 is not essential but plays a crucial role
in adenovirus production, and/or that other cellular
factor(s) could also be involved (see Discussion). Next,
we investigated whether the effect of B23 knockdown on
adenovirus production could be rescued by B23 over-
expression. At 36 h after the introduction of control or B23
siRNA, cells were transfected with empty vector or with
vector encoding HA-B23.1. Cells were then infected with
HAAJVS5 at 24 h after transfection of plasmid DNA and the
production of progeny virus particles was examined. The
expression levels of exogenous HA-B23.1 are shown in Fig.
2(e). Overexpression of B23.1 in control cells slightly in-
hibited infectious progeny virus production (Fig. 2d),
although this result was not statistically significant. Impor-
tantly, exogenous expression of B23.1 counteracted the
negative effect of B23.1 siRNA-mediated knockdown on
progeny virus production. These results support the idea
that B23.1 plays an important role in the production of
infectious virus particles.

B23 knockdown has no significant effect on viral
DNA replication and late gene expression

Given that B23 knockdown decreased the production of
infectious virus particles, it was expected that this
inhibition might be due to interference with viral DNA
replication. To test this notion, control or B23 siRNA-
treated Hela cells were infected with HAdV5 and the
amplification of viral DNA at 12, 18 and 24 h p.i. was
examined by quantitative PCR (qPCR) using a primer set
specific for adenoviral DNA (Fig. 3a). Because the amount
of viral DNA increased as a function of incubation period

after infection and the amplification of DNA was strongly
inhibited by hydroxyurea, an inhibitor of DNA synthesis, it
was confirmed that the PCR products detected under the
conditions employed here corresponded to the amount of
viral DNA. Surprisingly, no significant decrease in the
amount of viral DNA was observed following B23 knock-
down (Fig. 3a). We also examined the effect of B23
knockdown on viral late gene expression. The expression
level of late genes was examined by Western blotting with
anti-pVII and anti-V antibodies (Fig. 3b) and by RT-PCR
with primer sets for mRNAs of the major late promoter
(MLP) and pVII (Fig. 3¢, d). Consistent with the fact that
late gene transcription depends on viral DNA replication,
the expression level of late genes was strongly inhibited by
the presence of hydroxyurea. We did not find any signi-
ficant decrease in mRNA and core protein expression levels
following B23 knockdown (Fig. 3b-d). These results
indicated that B23 plays a crucial role(s) in progeny virus
production at a step(s) later than virus genome DNA
replication and mRNA synthesis. As adenovirus genome
replication depends completely on viral early gene products,
we could exclude the possibility that B23 is involved in early
gene transcription.

B23 regulates the amounts of core proteins and
cellular histones on the adenovirus genome

Our biochemical data suggested that the adenoviral core
proteins form aggregates with viral DNA when mixed
directly, and that B23 dissociates the aggregation between
the DNA and core proteins (Samad et al, 2007). In addi-
tion, we demonstrated that B23, as a histone chaperone,
regulates the histone density around the rRNA gene region in
uninfected cells (Hisaoka et al., 2010). Therefore, it is possible
that B23 knockdown affects the virus genome chromatin
structure in infected cells. To test this possibility, we examined
whether B23 was associated with the virus genome in infected
cells. HeLa cells were infected with HAdV5, and at 20 h p.i.
cells were cross-linked with formaldehyde and then sonicated
to release chromatin. The mean size of DNA purified from
chromatin fragments was <1 kb (data not shown). The
extracts were subjected to immunoprecipitation with anti-
bodies against core proteins V and VII or B23. We found that
B23 associated with the virus genome (the VA gene region), as
did the core proteins V and VII (Fig. 4a). We examined the
association of B23 with the virus genome using primer sets, as
shown in Fig. 4(b, lower panel). Next, we assessed the
amounts of core proteins and cellular histones on the virus
genome with ChIP assays using cells treated with control and
B23 siRNAs. Hela cells treated with siRNAs were infected
with HAdV5 at an m.oi. of 10. At 20 h p.i., cells were
subjected to ChIP assays, as described above. Five different
primer sets, as shown in Fig. 4(b), were used to examine the
amounts of core proteins and histones on the virus genome.
In B23 knockdown cells, association of the core proteins V
and VII with viral DNA was found to be increased in all
regions tested (Fig. 4c, d). We also found that the association
of histone H3 along the virus genome was increased (Fig. 4e).
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Statistical P values are indicated at the top of the graph. (e) Expression level of endogenous and exogenous B23. Lysates
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We also examined whether the amounts of core pro- expressed B23.1. HeLa cells treated with control or B23.1
teins and histone H3 on the virus genome increased by siRNA were transiently transfected with empty and HA-
B23.1 knockdown were counteracted by exogenously B23.1 expression vectors and then infected with HAdV5. At
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genes. Hel a cells treated with siRNA as described in (a) were infected with HAdV5. Total RNA was prepared at 18 h p.i., and
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similar results.

24 h p.i., ChIP assays were carried out as shown in Fig. 4
using primer sets specific for the VA gene region (Fig. 5).
Western blotting analyses demonstrated that the amount
of B23.1 was decreased efficiently by siRNA treatment
and was recovered by transient expression of exogenous
HA-B23.1 (Fig. 5a, lanes 5 and 6). Consistent with the
results in Fig. 4, the amounts of core proteins V and VII
and histone H3 on the virus genome were increased by
B23.1 knockdown (Fig. 5b—d). However, they were de-
creased following overexpression of HA-B23.1. Interestingly,
even in control siRNA-treated cells, HA-B23.1 overexpres-
sion decreased the association levels of core protein V and
histone H3. Taken together, these results suggest that B23 is
involved in the regulation of viral chromatin formation in
infected cells by restricting the access of core proteins and
cellular histones.

DISCUSSION

In this paper, we studied the in vivo function of B23 in
the adenovirus life cycle. Based on previous reports, it
was expected that B23 might be involved in adenoviral
DNA replication (Hindley et al., 2007; Okuwaki et al.,
2001a). However, we could not detect any significant
decrease in the amount of viral DNA (Fig. 3a) or the
level of transcription or translation of core proteins
(Fig. 3b—d) following B23.1 knockdown. Therefore, it is
possible that B23.1 is not involved in adenoviral DNA
replication in infected cells under the conditions used
here or that loss of B23.1 may be compensated alter-
natively. In this sense, it should be noted that, as well as
B23, other histone chaperones have also been identified
as factors for adenoviral DNA replication (Kawase et al.,
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results.
1996; Matsumoto et al., 1993; Okuwaki ef al., 2001a). In knockdown did not significantly affect DNA replication
addition, we could not exclude the possibility that B23.2 and transcription.
that remains in B23.1 knockdown cells plays a com-
pensatory role in adenoviral DNA replication. Never- We showed that the decrease in B23 reduced the produc-
theless, the data presented here demonstrated that B23.1 tion of progeny virions and increased the association level
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examined quantitatively by gPCR using primer sets specific for the
adenovirus VA gene region. The amount of immunoprecipitated
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of viral core proteins and cellular histones on the progeny
virus genome DNA. Based on these observations, we pro-
pose that: (i) B23 is involved in the adenovirus infection

cycle at a step after late gene expression, and (ii) proper
virus chromatin assembly is required for adenovirus virion
maturation. The precise mechanism of how B23 regulates
viral chromatin and is involved in the final maturation
step of infectious virus particles remains unclear. It is also
possible that, in addition to B23, another cellular factor(s)
is involved in these processes. TAF-I is a candidate for
such an additional factor, as we have reported that TAF-I
is also associated with pre-VII in the late phases of
infection (Gyurcsik er al., 2006). It is thought that the viral
DNA associated with appropriate amounts of basic
proteins is important for encapsidation. In fact, the adeno-
virus genome DNA is condensed into a core structure
only by viral basic proteins within virions, although viral
DNA is associated with histones throughout the infection
cycle (Déry et al., 1985; Levy & Noll, 1981). Thus, it is
likely that those virus genomes associated with cellular
histones are restricted and eliminated for encapsidation.
For efficient encapsidation to occur, cellular histones must
be replaced with viral basic proteins through an unknown
pathway.

Newly replicated DNA is associated with histones, and this
viral DNA-histone complex may be important for ongoing
replication and transcription throughout the infection
cycle. At later stages of infection, the synthesis of cellular
DNA and histones is inhibited, with the concomitant
accumulation of a large pool of viral basic proteins. The
virus genomic DNA associated with viral core proteins
might become prominent through direct interaction of
ongoing replicated DNA with viral basic proteins and/or
replacement of histones on the replicated DNA with viral
basic proteins. Based on these observations, B23 may be
involved in the final encapsidation step, either by replacing
histones with core proteins or by restricting the access of
excessive amounts of viral basic proteins/histones to viral
DNA. These models are in agreement with -earlier
assumptions (Déry et al., 1985; Komatsu et al., 2011).

METHODS

Cell culture and viruses. Hela cells were maintained in minimal
essential medium (MEM; Nissui) supplemented with 10% FBS at
37 °C. 293T cells were cultured at 37 °C in Dulbecco’s modified
Eagle’s medium (Nissui) containing 10 % FBS. The HAAVS5 used in
this study was amplified and purified as described previously (Haruki
et al, 2006).

Plasmid construction and transfection. The construction of
plasmids for a series of protein V mutants is described in the
Supplementary Methods. pCHA-B23.1 was prepared as described by
Okuwaki et al. (2002). Transient transfection of each plasmid was
performed by the calcium phosphate precipitation method into 293T
cells and by Gene-Juice (Novagen) into Hela cells.

Antibodies. The antibodies used in this study were as follows. Mouse
mAb for B23 that recognizes endogenous B23.1 was purchased from
Invitrogen. Polyclonal antibody recognizing both B23.1 and B23.2
was generated in rabbits using B23AC2 expressed in Escherichia coli
(Okuwaki et al., 2001a) as an antigen. Rabbit anti-core protein V and
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mouse anti-DBP antibodies were obtained from Professor W. C.
Russell (University of St Andrews, Fife, UK) as a generous donation.
The rat polyclonal anti-pre-VII (Haruki et al, 2003), mouse mAb
against Flag tag, rabbit mAb against HA, rabbit polyclonal antibody
against histone H3 and mouse mAb against f-actin have been
described elsewhere (Murano et al., 2008).

Immunoprecipitation assays. 293T cells, transiently transfected
with plasmids where indicated, were lysed in 1 ml immunoprecipita-
tion buffer [50 mM Tris/HCl (pH 7.9), 1 mM PMSF, 0.1 % Triton X-
100, 1 mg BSA ml™'] containing 150 mM NaCl on ice for 10 min
followed by extensive sonication. Cell extracts recovered by
centrifugation were mixed with anti-Flag antibody and incubated at
4 °C for 3 h. Protein A-Sepharose beads (10 pl resin; GE Healthcare)
were added and the mixture was further incubated for 1 h with gentle
agitation. The beads were washed three times with 0.5 ml immuno-
precipitation buffer. Immunoprecipitated proteins were eluted by the
addition of SDS sample buffer, and boiled, separated by SDS-PAGE
(12.5 % acrylamide) and transferred to PVDF membrane (Millipore).
The membrane was subjected to Western blotting analysis using anti-
HA antibody.

Decoy assays. Hela cells were transfected with GFP-empty vector or
with vector for the expression of GFP-V(1-78). At 20 h post-
transfection, cells were superinfected with HAdV5 at an m.o.i. of 10.
At 24 h p.., culture supernatant (5 pl), clarified by low-speed
centrifugation, was used for infection of HeLa cells seeded on
coverslips in 12-well plates (1 x 10° cells per well) to determine the
virus titre. After incubation for 1 h, cells were supplemented with
MEM containing 2% FBS and maintained at 37 °C in a 5% CO,
environment for an additional 15 h. The cells on coverslips were
collected, washed with PBS, fixed with 3% paraformaldehyde for
10 min at room temperature and stained with anti-DBP antibody.
Cells were counterstained with DAPI to stain the nuclei, and
infectious titres (percentage of infected cells) were determined by
counting DBP-positive cells compared with DAPI-positive cells. The
assay was carried out in duplicate and the results are given as
means + SD.

B23 knock down by siRNA. Stealth RNAI negative control and B23
Stealth RNAi (NPM1-HSS143154; Invitrogen) were introduced into
Hela cells using Lipofectamine RNAIMAX (Invitrogen) according to
the manufacturer’s protocol. At 24 h post-transfection, the medium
was replaced and the cells were harvested at 60 h after siRNA
transfection. Total Hela cell lysates were prepared, and proteins were
separated by SDS-PAGE (10 % acrylamide) and detected by Western
blotting. To examine the effect of B23 knockdown on virus
production, control and B23 siRNA-treated HeLa cells at 60 h post-
transfection were infected with HAdV5 at an m.o.i. of 10. After 24 h,
the culture medium was recovered and the virus titre determined, as
described above.

Immunofluorescence assays. Indirect immunofluorescence assays
were carried out essentially as described previously (Haruki et al,
2006). Briefly, cells grown on 15 mm coverslips (Matsunami) were
fixed with 4% paraformaldehyde in PBS for 10 min at room
temperature and then treated with 0.5% NP-40 in PBS for 5 min at
room temperature. After blocking with 5% non-fat milk in TBS with
0.1% Tween 20, samples were subjected to immunofluorescence
analyses using the antibodies described above. Proteins were
visualized with secondary antibodies (AlexaFluor 488-conjugated
anti-rabbit IgG, AlexaFluor 568-conjugated anti-mouse IgG and
AlexaFluor 568-conjugated anti-rat IgG; Invitrogen). DNA was
visualized by staining with TO-PRO-3 iodide (Invitrogen). Labelled
cells were observed by confocal laser-scanning microscopy (LSMS5
Exciter; Carl Zeiss) using argon laser (488 nm) and He/Ne laser (546
and 633 mm) lines.

qPCR. Control and B23 siRNA-treated Hela cells were infected with
HAdVS5 at an m.o.i. of 10. At 12, 18 and 24 h p.i,, cells (1 x 105) were
collected and suspended in lysis buffer [20 mM Tris/HCI (pH 7.9),
100 mM NaCl, 5 mM EDTA, 0.5 % SDS] and total DNA was purified
by proteinase K treatment overnight at 50 °C, followed by phenol/
chloroform extraction and ethanol precipitation. The amount of
DNA was then examined by qPCR with a primer set specific for the
adenovirus VA gene region (see below). Total RNA was purified from
infected cells (1 x 10°) using an RNeasy Mini kit (Qiagen), and the
purified RNA was treated with DNase I according to the
manufacturer’s protocol. The concentration of RNA in each sample
was determined using NanoDrop (Thermo Scientific). cDNA was
synthesized from total RNA (1 pg) using ReverTraAce (Toyobo) and
oligo-dT as primer according to the manufacturer’s protocol. gPCR
with FastStart SYBER Green Master Mix (Roche) and a Thermal Cycler
Dice Real-time System (Takara) was performed using synthesized
¢DNA as template with primer sets specific for the mRNA from the
MLP (5'-ACTCTCTTCCGCATCGCTGT-3' and 5-GTGACTG-
GTTAGACGCCTTTCT-3") and f-actin (5'-ATGGGTCAGAAGG-
ATTCCTATGT-3" and 5'-GGTCATCTTCTCGCGGTT-3") genes.

ChIP assays. ChIP assays were carried out as described by the
manufacturer (ChIP Assay kit; Millipore) with antibodies against core
proteins V and pVII, B23 and histone H3. The amount of im-
munoprecipitated DNA was determined by qPCR as described above.
The reaction conditions have been described previously (Komatsu ef al.,
2011). The following primer sets were used: 5-GGGTCAAAGT-
TGGCGTTTTA-3’ and 5'-CAAAATGGCTAGGAGGTGGA-3' for the
Ela promoter region, 5-GCGGTCCTCCTCGTATAGAA-3" and 5'-
CCCACCCCCTTTTATAGCC-3" for the MLP region, 5-GCTG-
GAGCAAAACCCAAATA-3' and 5'-TATCTTGCGGG-CGTAAAACT-
3" for the VA region, 5'-GTGTAGACACTTAAGCTCGCCTT-3' and
CTTCAAACTGCCTGACCAAGT-3' for the E2A (DBP) region, and 5'-
TGGCGTGGTCAAACTCTACA-3" and 5'-GATTTTTACAATGGCCG-
GACT-3' for the E4 ORF region.
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Abstract Colicin E7 (ColE7) is a metallonuclease toxin
of Escherichia coli belonging to the HNH superfamily of
nucleases. It contains highly conserved amino acids in its
HHX 42NXgHX3H BBo-type metal ion binding C-terminal
active centre. However, the proximity of the arginine at the
N-terminus of the nuclease domain of ColE7 (NColE7,
446-576) is necessary for the hydrolytic activity. This
poses a possibility of allosteric activation control in this
protein. To obtain more information on this phenomenon,
two protein mutants were expressed, i.e. four and 25
N-terminal amino acids were removed from NColE7. The
effect of the N-terminal truncation on the Zn>' ion and
DNA binding as well as on the activity was investigated in
this study by mass spectrometry, synchrotron-radiation
circular dichroism and fluorescence spectroscopy and aga-
rose gel mobility shift assays. The dynamics of protein
backbone movement was simulated by molecular dynamics.
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Semiempirical quantum chemical calculations were per-
formed to obtain better insight into the structure of the active
centre. The longer protein interacted with both Zn®* ion and
DNA more strongly than its shorter counterpart. The results
were explained by the structural stabilization effect of the
N-terminal amino acids on the catalytic centre. In agreement
with this, the absence of the N-terminal sequences resulted in
significantly increased movement of the backbone atoms
compared with that in the native NColE7: in AN25-NColE7
the amino acid strings between residues 485-487, 511-515
and 570-571, and in AN4-NColE7 those between residues
467-468, 530-535 and 570-571.

Keywords Metallonuclease - Colicin E7 - N-terminally
truncated mutants - Zinc(II) binding

Introduction

Colicin E7 (ColE7) is a metallonuclease toxin of Esche-
richia coli [1]. Its role is to protect the host cell from other
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related bacteria and bacteriophages [2] by degradation of
their chromosomal DNA during environmental stress. To
exert cell-killing activity, ColE7 has to get across both
the outer and the inner cell membrane, facilitated by the
receptor-binding and translocation domains [3, 4]. The
host cell itself is protected by the simultaneously
expressed immunity protein Im7 blocking the DNA
binding site [5, 6] of the nuclease domain of ColE7
(NColE7) owing to tight interactions based on charge
complementarity [7-12].

ColE7 belongs to the HNH superfamily of nucleases
[13—15] possessing a 30-40 amino acid long BPo-type
metal ion binding motif in their active centre. The amino
acids histidine and asparagine are highly conserved within
the sequence HHX 4, NXgHX3H corresponding to this motif
at the C-terminal region of bacterial colicins and pyocins
[16, 17]. At the same time, the HNH motif is found in
various regions of a wide range of enzymes, including
group I homing endonucleases (e.g. I-Hmu-I [18]), pro-
caryotic extracellular nucleases (nuclease A [19]) and also
in an increasing number of restriction endonucleases (e.g.
Mnll [20], Kpnl [21, 22], Hphl [23], Eco311 [24], Hpy991
[25]). Sequences are collected in the HNH [26] and Pfam
[27] databases. The first histidine (H) in the name-giving
HNH amino acids acts as the general base in DNA
hydrolysis. The asparagine (N) residue plays a structural
role constraining the HNH loop by extensive hydrogen-
bonding interactions [14, 28]. The third conserved residue
in the HNH string is a metal-binding histidine. The HNH
motif of ColE7 binds to the 3’ site of the scissile phosphate
in the minor groove of the DNA, whereas the other parts of
the nuclease domain provide strong, non-specific binding
within the major groove [16, 29], similarly to colicin E9
(ColE9) [30, 31]. As such, NColE7 catalyses the non-
specific hydrolysis of nucleic acids.

There is still debate about the role of the different
divalent metal ions in colicin nucleases [30-38]. In
NColE7, three histidine side chains bind a metal cofactor,
which is most probably Zn>* ion under physiological
conditions [32], but the apoprotein can be reactivated to a
different extent by other divalent metal ions such as Mn2+,
Ni**, Co?*, Cu**, Mg?", Ca** and Sr** [5, 39]. The metal
ion, having a free coordination site, has essential multiple
roles in DNA cleavage: it binds to the scissile phosphodi-
ester, polarizes the P-O bond for nucleophilic attack and
stabilizes the phosphoanion transition state and the leaving
group. As mentioned above, the attacking nucleophilic
OH™ is supposed to be generated by the most conserved
histidine residue of the HNH motif—which does coordi-
nate to the Zn®*" ion. The hydrolytic reaction is also
facilitated by the 19° bending of the DNA due to the
protein binding [32]. The Zn*" ion is not required for DNA
binding, but it is essential for DNA hydrolysis [39].

@ Springer

In a recent article [40] it was demonstrated that during
the membrane translocation process the periplasmic
extracts cleave ColE7 between K446 and R447 and only
the nuclease domain (R447-K576) enters the cell. The
R447E ColE7 mutant lost its cell-killing activity owing to
failed inner membrane translocation, but the K446E and
N448A mutants retained it. However, it was shown in an
in vitro assay that the R447E mutant of NColE7 (444-576)
has only approximately 15 % of the endonuclease activity
of the wild-type NColE7. This difference was assumed to
be the consequence of lower affinity for DNA and not a
consequence of the decrease in catalytic activity. On the
basis of the crystal structure of Vvn endonuclease with
DNA, it was proposed that the role of such a spatially close
arginine residue might also be to stabilize the enzyme-
product complex [41].

The necessity of the N-terminal amino acids in NColE7
for the function of the C-terminal catalytic centre poses the
possibility of an allosteric activation within the enzyme
that would be a desired property for use in an artificial
nuclease [42]. The N-terminal end of NColE7 forms a loop
leaning near to the active centre, and the interactions
between them might be decisive in control of the function.
In this work, two N-terminally truncated derivatives of
NColE7 (446-576)—glutathione S-transferase (GST)-
AN25-NColE7 and GST-AN4-NColE7-C* (instead of the
GST-AN4-NColE7 protein we studied its C-terminal
mutant GST-AN4-NColE7-C* selected by bacterial cells;
the sequences are defined in Fig. 1a)—were expressed in
E. coli. The proteins with and without the GST tag were
purified for the studies of DNA- and Zn*"-binding activities.
Gel mobility shift assay, synchrotron-radiation circular
dichroism (SRCD) spectroscopy, fluorescence spectroscopy
and mass spectrometry experiments were performed and
were complemented by bioinformatics, molecular dynamics
and semiempirical quantum chemical calculations. The
results will lead us to a better understanding of the role of the
N-terminal loop in the catalysed reaction as well as its
structural effects.

Materials and methods
Cloning, protein expression and purification

The genes of the mutant proteins were amplified by PCR
from the pQE70 plasmid (a generous gift from K.-F. Chak,
Institute of Biochemistry and Molecular Biology, National
Yang Ming University, Taipei, Taiwan) by using the oli-
gonucleotides AN4-NColE7-F: 5'-ggaattcccagggaaggcaaca
ggta-3' and AN25-NColE7-F: 5'-ggaattcgacttaggttctcctgttc
ca-3' as forward primers and NColE7-R: 5'-gccgetcgageta
tttacctcggtgaatatcaatatge-3’ as the reverse primer and
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NColE7 GPLGSPEFRRNKPGKATGKGKPVNNKWLNNAGKDLGSPVPDRIANKLRDKEFKSFDDFRKKFWEEVSKDPEL
AN4-NColE7-C* GPLGSPEF----PGKATGKGKPVNNKWLNNAGKDLGSPVPDRIANKLRDKEFKSFDDFRKKFWEEVSKDPEL
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AN4-NColE7-C* SKQFSRNNNDRMKVGKAPKTRTQDVSGKRTSFELHHEKPISQNGGVYDMDNISVVTPKRHIDIHQVNSSSGRIVTDStop
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Fig. 1 a The sequences of the nuclease domain of colicin E7
(NCoIE7) [from K446 to K576 according to the original colicin E7
(ColE7) numbering] and the deletion mutants AN4-NColE7-C*, AN4-
NCoIE7 and AN25-NColE7. The amino acids in red are fused to the
N-terminus as a consequence of expression and purification from the
pGEX-6-P1 vector and cleavage by PreScission protease. The amino
acids in green indicate the result of the random mutation of the
C-terminus in AN4-NColE7-C*. All the residues in blue are cut from
AN25-NColE7 and only the residues in dark blue are from AN4-
NColE7(-C*), and the HNH motif is in orange, similarly to
d. b Growth of the Escherichia coli cells expressing different
glutathione S-transferase (GST) protein variants after induction with

isopropyl PB-thiogalactoside as monitored by measurements of the
optical density at 600 nm (ODggp). GST itself was applied as a control
protein without any nuclease activity. The uncertainty of the
measurements has not been plotted to simplify the diagram The
average error was considered to be £0.03 ODggo units. ¢ The sodium
dodecyl sulfate—polyacrylamide gel electrophoresis of the expressed
proteins. (GST-NCoIE7' is a toxic variant of NColE7—not detailed
here) d The structure of NColE7 [Protein Data Bank (PDB) ID 1MZ8]
in complex with a phosphate ion. Among the N-terminal amino acids,
R447 is the closest to the phosphate ion that is bridging it with the
Zn*" ion. The diagram was created with PyMOL [58]
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inserted into the pGEX-6-P1 (GE Healthcare) vector
between the EcoRI and Xhol restriction enzyme sites
(underlined sequences). The inserted DNA sequences
contained a C-terminal stop codon (in italic in the primer
sequence). The plasmids encoding the mutant proteins with
a GST affinity tag at the N-terminus were cloned in E. coli
DH10B or Machl (Invitrogen) cells and then transformed
into E. coli BL21 (DE3), spread on Luria—Bertani medium
supplemented with 100 pg/ml ampicillin (LB/Amp) plates
and colonies were grown overnight at 37 °C. A small
amount (4 ml) of LB/Amp medium was inoculated with a
single colony and incubated overnight at 37 °C with
shaking at 300 rpm. For large-scale protein production, the
small-scale overnight cultures were transferred to 250 ml
LB/Amp medium and bacteria were grown at 37 °C. The
protein expression was induced by adding isopropyl
B-thiogalactoside (200 mg/ml) to a final concentration of
0.42 mM to the cultures at an optical density at 600 nm
(ODgqo) of 0.5-0.6. The shaking at 140 rpm was continued
for 2-3 h, until ODgqgg increased to 0.9-1.0. Cells were
sedimented by centrifugation at 4 °C and 5,000g for
10 min, then resuspended in phosphate-buffered saline
(PBS; 1.4 M NaCl, 27 mM KCl, 100 mM Na,HPO,,
18 mM KH,PO,, pH 7.3). Pellets were disrupted by soni-
cation and the debris was removed by centrifugation at
5,000g and 4 °C for 10 min. The supernatant and the
resuspended aggregates were analysed by 12.5 % sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE). A significant amount of the desired protein was
present in inclusion bodies. The GST-based affinity puri-
fication step was done only with the soluble fractions. The
protein solutions were loaded onto a 4-ml glutathione
Sepharose 4B affinity column (Amersham Biosciences).
The column was washed with ice-cold PBS to remove
unbound material and then the bound fusion proteins were
eluted with 15 mM reduced glutathione dissolved in PBS,
containing 0.1 % Triton X-100 non-ionic detergent. Fol-
lowing an SDS-PAGE analysis, the fractions containing
the target protein were pooled. Before the cleavage of the
GST fusion tag, the excess of reduced glutathione was
removed by dialysis against PBS, applying 150 times
dilution. For digestion 1 pl (2 U/ul) of PreScission pro-
tease (GE Healthcare) was added for each 100 pg of
fusion protein. The solution was incubated at 5 °C for 4 h.
Following cleavage, batch purification was applied to
remove the GST moiety and the PreScission protease
(siliconized tubes were used to prevent the resin from
sticking to the walls of the tubes): the glutathione
Sepharose 4B resin was incubated with the protein solu-
tion for 30 min at 4 °C with gentle rotation. The medium
was sedimented by centrifugation at 500g for 5 min and
the supernatant was carefully transferred to new tubes.
The efficiency of cleavage was checked by 17.5 %
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SDS-PAGE. The concentration was estimated from the
gel, by comparing the intensity of the protein band with
the intensity of the standard low-range (14-97 kDa) pro-
tein marker (Bio-Rad) applied in known concentrations
(i.e. 5,10, 15 and 20 pl from a 100 ng/ul stock solution).
The large-scale protein expression and purification pro-
cedure has been detailed elsewhere [43].

Electrospray ionization mass spectrometry

Mass spectrometry measurements were obtained with an
LCT Premier (Waters) instrument equipped with a Nano-
flow electrospray ionization source and a time-of-flight
analyser. The instrument was operated in positive ion mode
and was calibrated using 100 mg/ml CsI in 50 % 2-pro-
panol in the m/z range from 600 to 12,000. Samples were
sprayed from medium-sized Au/Pd-coated borosilicate
glass capillary needles (Proxeon) loaded with 3 pl protein
solution. The protein concentration was 10-20 uM in
100 mM ammonium acetate (Sigma) buffer. The desalting
of the protein solution and buffer exchange to the volatile
buffer was done using a Micro BioSpin chromatography
column (Bio-Rad). The needle voltage was typically
around 1,200 V, and a cone voltage of 50 V was applied,
with the cone gas flow rate maintained at 20 I/h and the
source temperature maintained at 50 °C. A stock solution
of 100 uM zinc(acetate), (Sigma) was used to titrate the
20 uM  AN25-NColE7 protein solution. The recorded
mlz data were deconvoluted using MassLynx ™ version 4.1
(Waters) equipped with the MaxEnt! algorithm. The high
charge states of the multiply charged spectrum, ranging
from +10 to 417, were used to calculate the apparent
mass.

Gel mobility shift assay

An approximately 400 bp double-stranded DNA (dsDNA)
was used as the substrate for gel mobility shift assays, and
50-100 ng of this DNA was used for each assay. The
protein-to-dsDNA molar ratio ranged between 0.5:1 and
50:1, the p1rotein~1:o—Zn2+ molar ratio was 1:1, 50 mM
tris(thydroxymethyl)aminomethane/HCI buffer, pH 7.4 or
PBS was used, and the final concentration of NaCl was
adjusted to 50 mM. The solutions also contained 5 %
glycerol. The reaction mixtures were incubated for
20-40 min at room temperature and then loaded onto 1 %
agarose gel and run at 30-50 V in a buffer of 44.5 mM
tris(thydroxymethyl)aminomethane, 1 mM EDTA, 44.5 mM
boric acid, pH 7.3. Finally, the gel was stained with ethidium
bromide solution with a concentration of 0.5 pg/ml for 30 min,
followed by washing several times with distilled water. The
documentation was done using UV light (Printgraph—ATTO,
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Tokyo, Japan—or UVIdoc—UVItec, Cambridge, UK—gel
documentation systems) at 312 nm.

SRCD spectroscopy measurements

The SRCD spectra of the proteins were recorded at the SRCD
facility at the CD1 beamline [44] on the storage ring ASTRID
at the Institute for Storage Ring Facilities (ISA), University of
Aarhus, Denmark. The instrument was calibrated against
camphorsulfonic acid. All spectra were recorded with 1 nm
steps and a dwell time of 3 s per step, using 100-pm quartz
cells (SUPRASIL, Hellma, Germany) for the wavelength
range of 175-350 nm. The proteins were dissolved in distilled
water and the pH was adjusted with HCI and NaOH solutions.
The protein concentrations ranged from 10 to 50 M. The
water baseline was subtracted from raw spectra.

Fluorimetry

The most popular fluorescent probes for Zn>" ions in living
organisms contain quinoline units, such as 6-methoxy-(8-p-
toluenesulfonamido)quinoline and its derivatives. These
coordinate to the Zn** ion by four nitrogen donor atoms in
the bis complex as illustrated in Fig. S1, but the protonation
state of the complex changes with pH [45]. The fluorofor
used in this study was an acid derivative of 6-methoxy-(8-
p-toluenesulfonamido)quinoline: 4-[([6-methoxy-2-methyl-
8-quinolinyl]amino)sulfonyl]benzoic acid (TFLZn) test
(Sigma-Aldrich). It is soluble in water and shows high Zn**
ion selectivity compared with other cations. Its affinity for
Zn*" ions is high enough to bind the free biological metal ion
(Kp ~ 20 uM), but is not high enough to extract Zn** coordi-
nated in proteins. TFLZn shows little fluorescence in the absence
of Zn**. Upon formation of the bis complex, a 100-fold increase
in intensity is experienced. The maxima of the excitation and
emission spectra are at 360 and 498 nm, respectively.

The measurements were performed with a Hitachi
F-4500 fluorescence spectrometer in a 1 cm x 1 cm path
length quartz cell. The solutions were irradiated in the
wavelength range between 340 and 420 nm, and the
emission spectrum was recorded between 400 and 600 nm.
The TFLZn concentration was adjusted to 5 uM in all
cases, and mutant proteins were added in a concentration
range between 0.37 and 4.8 pM. The Zn** concentration
ranged from 1.2 to 27.5 pM, the EDTA concentration
ranged from 1.2 to 30 pM and the DNA concentration (a
10 bp DNA string was considered to be a binding unit)
ranged from 0.5 to 1.5 uM in the titration experiments.

Calculations

The initial conformation of NColE7 and the shortened
mutants was taken from the Protein Data Bank (PDB)

structure 1MOS8 [6]. This structure has a methionine (M446)
instead of K446 at the N-terminus. The wild-type NColE7
calculations were done from the M446K mutant of the
original PDB structure. All proteins had unprotected ter-
mini (i.e. NH3* and COO™ groups).

Molecular dynamics calculations were performed with
GROMACS 4.05 [46, 47], with the Gromos 53a6 [48] force
field. The ionizable residues were charged according to the
default pK, values at pH 7.2, as no reason was found to
alter the default pK, values with use of propKa 3.0 [49].
The protein was placed in a cubic box with an edge size of
approximately 8 nm, and was solvated by the explicit
extended simple point charge (SPC/E) water model. About
16,000 equilibrated water molecules were needed to fill the
box, which was neutralized owing to the positive charge of
the protein by Cl™ ions replacing water molecules at the
most positive parts of the box using GENION. Energy
minimization was conducted using the steepest descent
method. We performed 200 ps position-restrained dynam-
ics simulations in the NVT ensemble to equilibrate the
system (solvate and generate initial velocities with a
Maxwell distribution) including explicit water molecules.
We performed 20 ns productive molecular dynamics simu-
lations in the NPT ensemble with periodic box conditions
with integration steps of 2 fs. The temperature was set to
300 K and isotropic Berendsen P coupling and T coupling
was used. For Coulomb interactions, the particle mesh Ewald
method was applied with 0.9 nm electrostatic and 1.6 nm van
der Waals interaction cut-offs, and the dielectric constant
was set to 1.0. The constraint algorithm LINCS was used.
Trajectories were analysed starting at 500 ps.

Semiempirical quantum chemical computations were
performed using MOPAC2009 [50] with the PM6 method [51,
52]. Localized molecular orbitals were applied using the
MOZYME [53] model implemented in MOPAC2009. The
solvation was considered by the conductor-like screening
model method [54] with a dielectric constant of 78.4. The
geometry optimization was done by the quasi-Newton lim-
ited-memory Broyden—Fletcher—Goldfarb—Shanno method
after the initial minimization of the hydrogen positions. A
gradient norm of approximately 2-3 kcal/mol was achieved,
and the heat of formation became essentially stationary.

Results and discussion

Cytotoxic effect of the mutant proteins

To study the necessity of the N-terminal end of the NColE7
protein for its activity, first the genes of the truncated
mutants were constructed and inserted into a pGEX-6P-1

vector. The AN4-NColE7 and AN25-NColE7 proteins were
designed to delete four and 25 N-terminal amino acids
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