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The replication protein NS1 is essential for genome replication and protein production in parvoviral
infection. Many of its functions, including recognition and site-specific nicking of the viral genome, helicase
activity, and transactivation of the viral capsid promoter, are dependent on ATP. An ATP-binding pocket
resides in the middle of the modular NS1 protein in a superfamily 3 helicase domain. Here we have identified
key ATP-binding amino acid residues in canine parvovirus (CPV) NS1 protein and mutated amino acids from
the conserved A motif (K406), B motif (E444 and E445), and positively charged region (R508 and R510). All
mutations prevented the formation of infectious viruses. When provided in trans, all except the RS08A mutation
reduced infectivity in a dominant-negative manner, possibly by hindering genome replication. These results
suggest that the conserved R510 residue, but not R508, is the arginine finger sensory element of CPV NSI1.
Moreover, fluorescence recovery after photobleaching (FRAP), complemented by computer simulations, was
used to assess the binding properties of mutated fluorescent fusion proteins. These experiments identified
ATP-dependent and -independent binding modes for NS1 in living cells. Only the K406M mutant had a single
binding site, which was concluded to indicate ATP-independent binding. Furthermore, our data suggest that

DNA binding of NS1 is dependent on its ability to both bind and hydrolyze ATP.

Canine parvovirus (CPV), an autonomous parvovirus, has
two transcriptional units in its ~5.3-kb single-stranded DNA
genome (51). The right-side unit produces VP1 and VP2 pro-
teins, from which the ~26-nm icosahedral capsid is formed
(70). The nonstructural proteins NS1 and NS2 are expressed
from the left-side transcriptional unit. NS1 is a 76.7-kDa mul-
tifunctional nuclear phosphoprotein and is the only essential
nonstructural protein in CPV (66). Many of its functions are
necessary for parvoviral replication. NS1 initiates genomic rep-
lication by binding site specifically to the viral right-hand ori-
gin, together with endogenous high-mobility-group proteins
(18), and to the left-hand origin, along with glucocorticoid
modulatory element-binding proteins (11). Recognition at
both origins leads to strand- and site-specific nicking of viral
DNA (12, 45). These processes require ATP for tight binding
and subsequent nicking (12, 13, 18). NS1 remains covalently
linked to the 5’ end of nicked DNA, and the remaining 3’-
hydroxyl group can be used for synthesis of the nascent strand
(17, 45). Parvoviral replication is most likely mediated by poly-
merase 9, in a process that depends on the sliding clamp
protein proliferating cell nuclear antigen, the single strand-
binding protein replication protein A, and NS1 (15). In this
process, NS1 is needed as an ATP-powered helicase to resolve
terminal hairpin structures of the viral genome (68). Transcrip-
tion from a viral capsid promoter, P38, is also enhanced by the

* Corresponding author. Mailing address: Cell and Molecular Biol-
ogy, Department of Biological and Environmental Science, University
of Jyviskyld, Ambiotica B211.1, P.O. Box 35, FIN-40014 Jyviskyldn
Yliopisto, Finland. Phone: 358 14 2604209. Fax: 358 14 2602221. E-
mail: mvihinen@jyu.fi.

+ Supplemental material for this article may be found at http://jvi
.asm.org/.

¥ Published ahead of print on 10 March 2010.

5391

NS1 protein, in an ATP-dependent manner (10, 41, 52). In
addition to these functions, NS1 is responsible for the cyto-
pathic effect of parvoviruses (2, 14) and has been proposed to
assist in packing DNA into newly formed capsids (8, 19).

Parvovirus NS1 proteins belong to the superfamily III (SF3)
helicases, as do many other viral helicases (26, 27). All char-
acterized members of this family travel along DNA in a 3'-to-5’
direction (58). There are four conserved sequence motifs in
SF3 helicases (A, B, B’, and C), from which the nucleoside
triphosphate (NTP)-binding pocket, the metal ion coordina-
tion site, the DNA-binding site, and the sensory element are
formed. These motifs reside in a stretch of approximately 100
amino acid residues in the middle of NS1 (27, 69). SF3 heli-
cases surround DNA as a ring of six or eight subunits, and the
ATP-binding pocket lies between adjacent subunits (30, 42).
The first subunit provides the A and B motifs, and the arginine
residue of the second subunit functions as a frans-acting “ar-
ginine finger” sensor for ATP binding and hydrolysis status
(56, 58). Structures of representative SF3 helicases from sim-
ian virus 40 (39), bovine papillomavirus (23), and adeno-asso-
ciated virus (34) support this model. At the sequence level, the
arginine finger lies after the C motif, and at the structural level,
it is often embedded in a cluster of positively charged amino
acids (25, 29, 58). In a ring configuration, this area interacts
with the ATP-binding pocket of the neighboring subunit.

In this study, we mutated conserved amino acids from the A
and B motifs to clarify the role of ATP binding and hydrolysis
in the intranuclear dynamics of NS1. In addition, two con-
served arginine residues, one of which is most likely the argi-
nine finger, were mutated. These mutants were expressed as
fluorescent fusion proteins, and their dynamics were studied in
living cells by use of fluorescent recovery after photobleaching
(FRAP). The resulting data were reconstructed in a virtual cell
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modeling environment to determine the binding properties of
individual mutants. Moreover, the effects of these mutations
on replication efficacy, P38 promoter transactivation, ATP
binding, and progression of CPV infection were measured.

MATERIALS AND METHODS

Comparative modeling. Structures for comparative modeling were retrieved
from the Protein Data Bank (PDB) (7) database, using a protein BLAST (3)
search with the CPV NS1 sequence (51). Alignment of NS1 and adeno-associ-
ated virus 2 (AAV2) REP40 (34) sequences and visual inspection of models were
done in Bodil (38). A comparative model of CPV NS1 was built with the Modeler
9v1l program (55), using an alignment of amino acid residues 277 to 490 of
REP40 (PDB accession no. 1S9H and 1U0J) (33, 34) and residues 338 to 556 of
NS1 proteins. The simian virus 40 (SV40) LTag structure (PDB accession no.
IN25) (39) and the protease-chaperone complex from Haemophilus influenzae
(chains A to F; PDB accession no. 1G3I [62]) were used to model the NS1
hexameric ring by superimposing structures in Bodil. The ATP molecule from
the bacterial ABC transporter protein (PDB accession no. 1L2T [60]) was added
to hexameric models to clarify ATP positioning at the proposed binding pocket.
Images of protein structures were produced with the PyYMOL program (21), and
images of protein alignment were produced with the Alscript program (5).

Mutagenesis, fusion proteins, and pl ids. First, the CPV NS1 gene was
PCR amplified from the infectious plasmid clone CPV-d (47) and cloned into the
pEYFP-N3 plasmid (Clontech) between BglIl and BamHI restriction enzyme
sites. This construct was named NS1-EYFP and has the enhanced yellow fluo-
rescent protein (EYFP) gene fused to the 3’ terminus of the NS1 gene. Next,
conserved mutations of the TATA box area of the NS1 P38 promoter (1718-
tataaat-1724 to GaTcAAc) and methionine-to-threonine mutation of the starting
codon of EYFP (atg to aCg) were introduced. This modified construct, NS1-
deYFP, was characterized earlier (31). All ATP-binding mutations were made to
the NS1 region of both NS1-EYFP and NS1-deYFP constructs and were named
according to the amino acid change (e.g., K406M-de YFP). Mutations were made
by a PCR-based site-directed mutagenesis method or a two-step PCR method.
Primer sequences are available upon request. Mutated regions of NS1-EYFP
constructs were cut with the BseRI restriction enzyme and ligated to an infec-
tious plasmid clone. These constructs were named with the prefix “pIC-” fol-
lowed by the name of the mutation (e.g., pIC-K406M). Correctness of all clones
was confirmed by sequencing. H2B-ECFP and H2B-EYFP plasmids were gen-
erous gifts from J. Langowski (German Cancer Research Center, Heidelberg,
Germany) (67).

Cells, viruses, and Western blotting. Norden Laboratory feline kidney
(NLFK) cells were grown in Dulbecco’s modified Eagle medium containing 10%
fetal bovine serum, 1% penicillin-streptomycin, 1% L-glutamine, and 1% non-
essential amino acids. Viruses were purified from NLFK cells transfected with
the CPV-d clone as previously described (63). Anti-green fluorescent protein
(anti-GFP) rabbit antibody (Ab) (1:2,000; Molecular Probes) and anti-NS1
mouse monoclonal antibody (MADb) (1:500; a gift from Caroline Astell, Uni-
versity of British Columbia, Vancouver, Canada [71]) were used for Western
blotting, together with goat anti-rabbit IgG-alkaline phosphatase and goat
anti-mouse IgG-alkaline phosphatase secondary Abs (1:2,000; Bio-Rad), re-
spectively. Development of signals was done with nitroblue tetrazolium (NBT;
Sigma) and BCIP (5-bromo-4-chloro-3-indolylphosphate; Sigma). Alternatively,
Western blots were done as described for P38 transactivation experiments.

Fixed-cell imaging. Infection percentages were calculated from NLFK cells
stably expressing H2B-ECFP (67). Cells were grown on coverslips to ~80%
confluence and transfected with NS1-deYFP constructs. Transfection was done
with TransIT-LT1 transfection reagent according to the manufacturer’s instruc-
tions (Mirus Bio, Madison, WI). In infectivity studies, CPV was added to culture
medium after transfection. After 24 h or 48 h of transfection/infection, cells were
fixed with 4% paraformaldehyde (PFA) (20 min, room temperature), immuno-
labeled, and mounted with Mowiol-Dabco (Sigma). CPV capsids were detected
with a MAD (a gift from Collin Parrish, Cornell University, Ithaca, NY). Goat
anti-mouse Alexa 633-conjugated secondary Ab was used (Molecular Probes,
Eugene, OR).

In infectivity experiments, a total of 60 cells transfected with a construct from
the NS1-deYFP series in two different experiments were used for calculations.
Fixed samples were imaged using an Olympus FV-1000 confocal microscope with
a UPLSAPO 60X oil immersion objective (numerical aperture [NA] = 1.35).
The image size was 512 by 512 pixels, with a resolution of 69 nm/pixel. H2B-
ECFP, NS1-EYFP, and Alexa 633 fluorophores were excited with 405-nm, 515-
nm, and 633-nm laser lines, respectively. Fluorescence was detected with 460- to
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500-nm-band-pass (enhanced cyan fluorescent protein [ECFP]), 530- to 570-nm-
band-pass (EYFP and deYFP), and 650-nm-long-pass (Alexa 633) filters. For
publication figures, linear adjustments of the image brightness and contrast and
Gaussian blurring with a 3-by-3 kernel were performed using ImageJ software
(1). Distribution of the capsids in CPV-infected cells was studied in NLFK cells
stably expressing H2B-ECFP. Cells were fixed at 48 h postinfection (p.i.) with 4%
PFA (20 min, room temperature). CPV capsids were detected with a MAD (a gift
from Collin Parrish, Cornell University, Ithaca, NY) followed by Alexa 488-
conjugated anti-mouse antibody (Molecular Probes). ECFP was imaged with a
405-nm laser line and a 425- to 475-nm-band-pass filter, and Alexa 488 was
imaged with a 488-nm laser line and a 500- to 600-nm-band-pass filter.

Replicative efficacy. The effect of ATP-binding-pocket mutations on replica-
tive efficacy of the virus was examined by secondary infection studies. NLFK cells
were plated on 3-cm culture dishes and transfected on the following day with pIC
constructs. Medium from transfected cells (2 ml) was collected at 2, 3, or 4 days
posttransfection (p.t.) and concentrated to 50 pl in 100-kDa filter tubes (Amicon
Ultra-4; Millipore). Secondary infection was studied as follows. Twenty-five
microliters of concentrated medium was applied to cells on a coverslip and
incubated at 37°C for 15 min, 2 ml of fresh culture medium was added, and cells
were moved back to the incubator. At 48 h postinoculation, cells were fixed with
4% PFA, labeled with anti-NS1 (Alexa 488-conjugated anti-mouse secondary
antibody), and embedded with ProLong antifade reagent containing DAPI (4',6-
diamidino-2-phenylindole; Molecular Probes). Cells were imaged with an Olym-
pus FV-1000 microscope using a 20X objective (NA, 0.75). Ten randomly se-
lected fields of cells were imaged from two individual experiments with each pIC
construct and each medium concentrate. The infectivity percentage was calcu-
lated by dividing the number of NSI-positive nuclei by the total number of
DAPI-stained nuclei (over 5,100 cells in each sample). NS1- and DAPI-positive
nuclei were segmented using the k-means clustering algorithm in Image].

Live-cell imaging and fluorescence recovery after photobleaching. In live-cell
imaging experiments, cells were cultivated on glass-bottom dishes (MatTek,
Ashland, MA) and transfected ~20 h before experiments. Confocal laser scan-
ning microscopic images were acquired with a Zeiss LSM 510 inverted laser
scanning microscope (Carl Zeiss AG, Jena, Germany) using a Plan-Neofluar
63X (NA = 1.25) oil immersion objective. The sample holder and the objective
were heated to 37°C. Optical sections from the middle of the nucleus were
obtained, with an image size of 256 by 256 pixels and a resolution of 100 nm/pixel.
A 514-nm laser line and a 560- to 600-nm-band-pass filter were used to acquire
the EYFP signal. In half-nucleus FRAP (hnFRAP) experiments, seven succes-
sive iterations of high laser intensity (100% of 25 mV) were used to bleach
approximately half of the nucleus. Images were acquired with low laser intensity
(0.5 to 1%) and an appropriate time interval (0.5 to 2 frames per s [fps]). The
optimal imaging rate was determined in preliminary studies and was 4 fps for
K406M-de YFP and EYFP, 1 fps for E444Q-deYFP and R510A-deYFP, and 0.5
fps for NS1-deYFP, R508A-deYFP, and E445Q-de YFP. Image data were pro-
cessed as described for fixed samples and were analyzed with ImageJ and spread-
sheet software. FRAP data were normalized as follows (49): Frgp = (B//By)/
(N,/Ny). Relative fluorescence (Fgy; ) was obtained from the fluorescence of the
bleached area at time point ¢ (B,), the average fluorescence of the bleached area
before bleaching (By), total nuclear fluorescence at time point ¢ (V,), and average
nuclear fluorescence before bleaching (V). Background fluorescence was mea-
sured from outside the cell and subtracted from all values. Half-time recovery
(t1/2)) was the median value between the lowest and highest values after bleach-
ing. Student’s ¢ test was used to evaluate the significance of differences in
half-time values.

ivFRAP. In vitro FRAP (ivFRAP) experiments were conducted essentially as
described before (36). Cells were cultivated on glass-bottom dishes and trans-
fected with an appropriate construct ~20 h before the experiment. Samples were
prepared by washing cells with permeabilization buffer (20 mM HEPES, 110 mM
potassium acetate, 2 mM magnesium acetate, pH 7.5) and were permeabilized
with 100 pg/ml digitonin in permeabilization buffer for 6 min at room temper-
ature. Imaging was conducted in pH 6.8 permeabilization buffer or the same
buffer containing 1 mM ATP, 1 mM AMP-PNP, or 1 mM ATP-yS (Sigma) from
a freshly prepared stock solution. Imaging settings were the same as in live-cell
FRAP experiments, but the frame rate was 4 fps for all samples. Normalization
was done as in FRAP experiments, except that the minimum value after bleach-
ing was reduced from the values for all time points after bleaching to balance
differences in bleaching efficiency.

P38 transactivation studies. Transactivation was studied using both NSI1-
EYFP and pIC series of mutant constructs. Constructs were transfected into
NLFK cells. Total cell lysates were collected at 24 h p.t. (NS1-EYFP) or at 48 h
p-t. (pIC), and samples were analyzed with SDS-PAGE and Western blotting. In
NSI1-EYFP series, EYFP and NS1-EYFP were detected with anti-GFP Ab
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(Sigma). In pIC series, NS1 and VP2 were detected from replica Western blots,
using anti-NS1 Ab and anti-capsid Ab, respectively. Horseradish peroxidase-
conjugated goat anti-rabbit or anti-mouse IgG and a SuperSignal (Pierce Bio-
technology, Rockford, IL) chemiluminescence detection kit were used for de-
tection. Signal was collected quantitatively with a Chemidoc XRS (Bio-Rad,
United Kingdom) hood equipped with a CoolSNAP HQ2-CCD camera. Expo-
sure time was adjusted to avoid saturation of the signal. Intensities of individual
bands were analyzed with ImageJ, and transactivation activity was analyzed
according to the following equation: transactivation = (Py;, /NSy )/(Pnsi/
NS1ns:), Where Py, is the intensity of the product under the control of the P38
promoter in the mutated construct (EYFP or VP2), NS1,,,, is the corresponding
intensity of the mutated NS1 protein in the sample (NS1-EYFP or NS1), and
Pnsi and NS1yg, are the intensities of nonmutated NS1 under the control of the
P38 promoter (EYFP or VP2) and of the nonmutated NS1 protein (NS1-EYFP
or NS1), respectively. This equation gives proportional transactivation activities
of individual mutants. Five individual experiments were analyzed.

Virtual cell simulations. The half-nucleus FRAP experiments were simulated
with Virtual Cell software (56). The reaction map for simulations is shown in Fig.
S5 in the supplemental material. The nucleus was assumed to have an ellipsoidal
shape, with a width of 10 um and a height of 15 pm. The time step of the
simulation was set to 10 ms, and images were collected with the same frame rate
as that in the FRAP studies. The bleaching reaction was modeled by a laser
light-induced general reaction. The bleaching region of interest (ROI) was set to
correspond to a half-nucleus, as in the hnFRAP experiments. The length of the
bleach pulse was adjusted to 500 ms, and the first recovery image was collected
50 ms after the bleach phase to simulate image acquisition by confocal micros-
copy. In addition, bleaching due to the imaging laser was modeled by a second
continuous bleaching reaction in the nucleus. The binding reactions were mod-
eled as a mass action reaction in which the free ligand (diffusing NS1) reacted
with the substrate (immobile binding partner) and formed the complex (immo-
bile NS1). The concentration of free binding sites was set at 1 wM. In this
situation, the pseudo-on rate (k*,,) is the product of the binding site concen-
tration and the actual on rate. The diffusion coefficient for EYFP (molecular
mass = 26.9 kDa) was first modeled from hnFRAP data (30 pm?/s). This was
used to calculate a theoretical diffusion coefficient for NS1-deYFP (molecular
mass = 105 kDa), using the following mass scaling equation: Dyg;_geyrp =
Dgypp(Meypp/Mnsi-aeyrp) (1/3). In this equation, Dygy.geyrp 18 the diffusion
coefficient and myg;_geypp is the theoretical mass of the NS1-deYFP molecule.
Dgvypp is the diffusion coefficient and mpgygp is the theoretical mass of EYFP.
The calculated diffusion coefficient for monomeric NS1-de YFP was 18.8 um?/s.
The binding reaction k,,, and k. rates were changed in the modeling process
until the model fit with the measured data.

RESULTS

NS1 modeling. Our aim was to determine the effect of ATP
binding and hydrolysis on the nuclear dynamics of NS1. To
determine the positions of critical amino acid residues in the
helicase domain (Fig. 1A and B), we built a comparative model
of NS1. We used the REP40 protein structure from another
parvovirus, AAV2, as our template. The identity of the heli-
case domain amino acid sequences was ~38% (Fig. 1B). Visual
inspection of the NS1 model did not show any biochemical
anomalies or clashes between amino acid side chains. The
conserved regions between REP40 and NS1 were located in
the ATP-binding pocket and in the region that was near the
arginine finger at the opposite side of the helicase domain. To
further clarify their function in CPV NS, five individual amino
acid residues were selected and mutated to neutralize their
charge. Three of them were positioned in the ATP-binding
pocket: lysine 406 of the A motif was mutated to methionine,
and two glutamates, at positions 444 and 445 of the B motif,
were changed to glutamine (Fig. 1C, front). Two arginines,
R508 and R510, at the other side of the helicase domain, are
conserved in parvoviruses (e.g., minute virus of mice [MVM],
H1 virus, and B19 virus [data not shown]), and the latter is also
conserved in REP40 (Fig. 1C, back). These arginines lay in
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close proximity to a region that contained other positively
charged amino acids (K392, R393, and K457) (Fig. 1C, back)
and were mutated to alanine to neutralize their charge.

SEF3 helicases are thought to function as ring-shaped homo-
multimers. We used the hexameric structures of SV40 LTag
and Haemophilus influenzae proteasome-chaperone complex
(62) to build hexameric models of NS1. The models revealed
slightly different orientations of the subunits in the hexameric
ring (see Fig. S1IA and C in the supplemental material). Both
models indicated that the conserved regions between REP40
and NSI1 lay at the proposed intersubunit interfaces. In addi-
tion, our model placed a region of positively charged amino
acids, including R508 and R510, in close proximity to the
ATP-binding pocket of a neighboring subunit (see Fig. S1B
and D in the supplemental material).

Characterization of fluorescent NS1 constructs. After iden-
tifying critical amino acids, we assessed their effect on NSI
function. A series of fluorescent fusion constructs were made
by cloning NS1 upstream of the EYFP gene in a mammalian
expression plasmid (Fig. 2A, NSI1-EYFP). Because the viral
capsid promoter P38 is embedded in the NS1 gene, transfec-
tion of this construct into mammalian cells lead to expression
of NS1-EYFP fusion proteins under the control of the cyto-
megalovirus (CMV) promoter and of free EYFP proteins un-
der the control of the P38 promoter (Fig. 3D). To remove the
EYFP background, NS1-deYFP protein constructs were gen-
erated (Fig. 2A, NS1-deYFP). Next, analysis of the total cel-
lular extracts from NS1-de YFP-transfected cells confirmed the
presence of a single 120-kDa product that was recognized by
both anti-GFP (Fig. 2B) and anti-NS1 (Fig. 2C) antibodies.
The theoretical size of wild-type (wt) NS1 during viral infection
is 76.6 kDa, and it is detected as a 95-kDa band by Western
blotting. The sizes of NS1-de YFP proteins were consistent with
this observation, as proteins were detected at ~20 kDa more
than expected by their theoretical size of 105 kDa. Immuno-
fluorescence microscopy studies demonstrated good colocal-
ization and correlation between the transfected NS1-deYFP
mutant constructs with antibodies against GFP and NS1 (not
shown). Collectively, these results confirm that NS1-deYFP
transfectants express a single product in which NS1 is fused to
EYFP.

In live-cell confocal microscopy, all mutants were seen to
localize predominantly to the nucleus in NLFK transfectants,
excluding the nucleolus (Fig. 4, “live” column). The nuclear
distributions of NS1-deYFP and R508A-deYFP were hetero-
geneous and concentrated in small foci. A more homogenous
distribution and some focal accumulation were observed with
the two ATP-binding-pocket mutants, E444Q-deYFP and
E445Q-deYFP, and the arginine finger mutant, R510A-
deYFP. Notably, K406M-deYFP was distributed throughout
the nucleus but was excluded from the nucleolus. In conclu-
sion, the mutations did not affect nuclear localization of NS1
but had patent effects on intranuclear distribution.

Analysis of replication efficacy. NS1 is an important compo-
nent and marker of parvovirus infection-induced replication
bodies (20, 32, 72). Effects of ATP-binding-pocket mutations
on the replication efficacy of CPV were studied by use of a
secondary infection series (Fig. 3A). Medium of pIC transfec-
tants collected at 24, 48, or 72 h p.t. was used to inoculate new
cells. Immunofluorescence analysis demonstrated that only the
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FIG. 2. NSI fluorescent fusion constructs. (A) Schematic presen-
tation of NSI-EYFP and NS1-deYFP constructs. CPV NS1 with an
N-terminal EYFP fusion is under the control of the CMV immediate-
early (IE) promoter. NS1-de YFP constructs have mutations in the P38
promoter area and in the start codon of EYFP. Western blots are
shown for whole-cell lysates of NLFK cells transfected with NS1-
deYFP constructs and detected with anti-GFP (B) and anti-NS1
(C) antibodies.

nonmutated infectious clone of CPV (pIC) showed a time-
dependent increase in secondary infection (Fig. 3A). Infectivity
percentages of the pIC media collected at 24, 48, and 72 h p.t.
were 1.7% = 1.5%, 3.8% =+ 1.1%, and 12.9% = 0.6%, respec-
tively (mean = standard deviation) (Fig. 3A). All mutants were
essentially unable to produce infectious viruses. The highest
infectivity rate (0.1% = 0.07%) was observed for medium
collected from pIC-R508A transfectants at 72 h p.t., and it
remained below 0.1% for all other mutants and time points.
Next, the progression of the wt CPV infection was studied in
the presence of NS1-deYFP constructs in cells that stably ex-
pressed the chromosomal marker H2B-ECFP. Cells were fixed
at 24 h or 48 h p.t./p.i. and were immunolabeled with CPV
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capsid antibody. Sixty transfectants for each construct at each
time point were analyzed. Nuclear labeling with capsid anti-
body and host cell chromatin marginalization (CM) were in-
dicative of ongoing CPV infection (Fig. 3C) (31).

At 24 h p.t./p.i., 77% of NS1-deYFP-expressing cells were
positive for one or both markers (Fig. 3B). The proportion of
infected cells increased at 48 h p.t./p.i., when >90% of the cells
were infected. A marked decline in infectivity was observed in
mutant NS1-deYFP-expressing cells. Three of the constructs
that had mutations in the ATP-binding-pocket area (K406M-
deYFP, E444Q-deYFP, and E445Q-deYFP) had the lowest
infectivities. Only 20% to 30% of these cells were infected at
24 h p.t./p.i., and <35% were infected at 48 h p.t./p.i. An
infection rate of 50% at 24 h p.t./p.i. was observed for RS08A-
deYFP and R510A-deYFP. The proportion of infected cells
rose to over 70% for R508A-deYFP-expressing cells at 48 h
p-t./p.i. but remained 50% for R510A-de YFP-positive cells.

Further analysis revealed differences between constructs in
the ratio of the two infection markers. For infected NS1-
de YFP-expressing cells, the proportion that had the CM phe-
notype increased from 80% at 24 h p.t./p.i. to 93% at 48 h
p-t./p.i. (Fig. 3B, white and gray portions of bars). Notably, the
only mutant that experienced a similar trend was R508A-
deYFP, for which the proportion of CM cells climbed from
69% to 93%. In infected cells that expressed any of the re-
maining mutants, the proportion of CM cells remained below
40%, even at 48 h p.t./p.i. The percentage of cells with nuclear
virus capsid label (Fig. 3B, gray and black portions of bars)
decreased from 70% to 38% of all infected NS1-deYFP-ex-
pressing cells. Again, a similar trend was observed only in
R508A-de YFP-expressing cells, where a decrease from 97% to
89% was observed between 24 h p.t./p.i. and 48 h p.t./p.i. In
cells that expressed any of the other mutants, the proportion of
infected cells with nuclear virus capsid antibody staining re-
mained over 94% of total infected cells.

These data demonstrated that all mutations rendered infec-
tious clones unable to produce viruses. Moreover, the expres-
sion of mutated NS1 proteins inhibited and modified the
progression of the CPV infection. Although mutant NS1-
de YFP-expressing infected cells produced viral capsids inside
the nucleus, only R508A-deYFP affected the proportion of
CM phenotype cells similarly to NS1-deYFP.

P38 transactivation. The ability of the NS1 mutants to trans-
activate the capsid promoter, P38, was studied by transfecting
cells with either the NS1-EYFP or pIC series of mutants,
followed by monitoring the production of the proteins under
the control of the P38 promoter. NS1-EYFP constructs ex-
pressed NS1-EYFP under the CMV promoter and EYFP un-
der the P38 promoter, while pIC constructs expressed NS1

FIG. 1. Sequence alignment and NS1 model. (A) Organization of functional domains in CPV NS1, including the N-terminal origin of
replication (amino acids 16 to 275), the SF3 helicase domain (amino acids 299 to 486), and the C-terminal transactivation domain (amino acids
600 to 667). (B) Alignment of CPV NS1 and AAV2 REP40 helicase domain protein sequences. Numbers above the alignment refer to the CPV
NS1 sequence, and those below refer to the AAV2 REP40 sequence. Positions of conserved domains (A, B, B, and C) are indicated with blue
boxes above the alignment. Secondary structures according to REP40 are shown below the alignment (34). a-Helices are shown in purple, and
B-sheets are shown in orange. (C) Comparative model of CPV NS1 helicase domain. a-Helices (orange) and B-sheets (purple) are shown according
to the alignment. (Back) Close-up of the area denoted in green, as seen from behind the structure. R508 and R510 are shown as space-filling
models, and adjacent positively charged amino acids are shown in a stick model. (Front) Close-up of the ATP-binding pocket, denoted as a red
square in the model. K406 from the A motif and E444 and E445 from the B motif are shown as space-filling models.
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FIG. 3. Functions of mutated NS1 constructs. (A) Secondary infections with concentrated medium collected at 2, 3, and 4 days p.t. are shown
with white, gray, and black bars, respectively. Infectivity is the percentage of NS1-positive nuclei in the sample (n > 5,100). Error bars indicate
standard deviations. (B) Percentages of transfected cells with signs of infection (n = 60). Chromatin marginalization is indicated in white, nuclear
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nuclear capsid accumulation, K406M-de YFP-expressing infected cell with nuclear capsid accumulation but normal chromatin distribution, and
CPV-infected cell, fixed at 48 h p.i., with marginalized chromatin and cytoplasmic capsid localization. Bars, 5 wm. DIC, differential interference
contrast. (D) P38 transactivation activities of mutated NS1 proteins. Average transactivation values from EYFP (white boxes) and pIC (black
circles) experiments are shown (n = 5). Transactivation values are average values for the product under the P38 promoter (EYFP or VP2) divided
by the value for the corresponding NS1 protein (NSI-EYFP or NS1) and normalized to the value for nonmutated NS1. Proteins were detected
in Western blots with anti-GFP (NS1-EYFP and EYFP), anti-NS1 (NS1), or anti-capsid (VP2) antibody. Error bars indicate standard errors of

the means.

under the viral P4 promoter and VP2 under the P38 promoter.
The CPV P38 promoter is constitutively active in mammalian
cells (14). Accordingly, the amount of protein produced under
the P38 promoter in a cell culture depends on transfection
efficiency, P38 basal activity, and P38 transactivation by NSI.
In our approach, data were normalized to the amount of pro-
duced NS1 to correct for transfection efficiency and the
amount of transactivating agent. This experimental setup al-
lowed us to measure the levels of P38 promoter transactivation
induced by individual NS1 mutants (NS1-EYFP or NS1).

All mutants except for the R508A mutant reduced P38
transactivation (Fig. 3D). The largest reduction was observed
for K406M-EYFP, which retained only 10% * 1.1% and
0.5% = 0.3% of nonmutated NS1 activity in EYFP- and pIC-
based assays, respectively (in both EYFP and pIC series, P <
0.001 and n = 5; errors are standard errors of means for all
experiments). Significant reductions were seen for the E444Q
(in EYFP series, 63% = 6.5% [P < 0.01]; in pIC series, 7.2% *+

1.2% [P < 0.001]), E445Q (in EYFP series, 69% = 4.7% [P <
0.01]; in pIC series, 11% = 2.2% [P < 0.001]), and R510A (in
EYFP series, 59% = 14.6% [P < 0.05]; in pIC series, 15% =+
3.3% [P < 0.001]) mutants compared with the corresponding
NSI1 results. The R508A mutant retained NS1-like P38 trans-
activation activity in both assays (in EYFP series, 92% =+
13.3% [P > 0.59]; in pIC series, 100% = 29% [P > 0.99]).
In vitro fluorescence recovery after photobleaching. ATP
binding and hydrolysis properties of CPV NS1 have not been
characterized. Thus, we used a recently described in vitro
FRAP (ivFRAP) method (65) to study these properties. Cells
that were transfected with NS1-de YFP constructs were perme-
abilized with digitonin to remove endogenous ATP (53). Half
of the nucleus was exposed to a high laser intensity under a
confocal microscope to irreversibly bleach the fluorescent mol-
ecules in that area. Redistribution of the remaining fluoro-
phores was monitored with low-laser-intensity scanning. Stud-
ies were conducted in buffer (Fig. 4, ATP— column), buffer
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FIG. 4. Nuclear distribution of NS1-deYFP constructs and H2B-
EYFP under different imaging conditions. (Live) NS1-deYFP con-
structs under live-cell imaging conditions. (Digitonin) Permeabiliza-
tion experiments are divided into three columns depending on the
imaging conditions: ATP—, imaged in buffer without ATP; ATP+,
imaged with 1 mM ATP; and AMP-PNP, imaged with 1 mM AMP-
PNP. Bars, 5 pm. Images are shown with inverted gray-scale coloring.

with 1 mM ATP (ATP+ column), or buffer with 1 mM non-
hydrolyzable ATP analog (AMP-PNP column). NS1-deYFP
and E445Q-deYFP constructs were also studied in a buffer
containing 1 mM ATP-yS. At least 20 cells were analyzed for
each construct under all conditions.

All NS1-deYFP constructs remained nuclear in digitonin-
treated cells (Fig. 4). Intranuclear distribution, however, varied
depending on the experimental conditions. The expression of
all constructs was more homogenous in buffer without ATP
than that in nonpermeabilized live cells (Fig. 4). Some con-
structs (NS1-deYFP, E445Q-deYFP, R508A-deYFP, and
R510A-deYFP) appeared as specks in the presence of ATP
and AMP-PNP. Notably, digitonin permeabilization induced
the accumulation of all NS1-deYFP constructs in the nucleoli.
Nucleolar exclusion was partially restored for NS1-deYFP and
E445Q-deYFP in the presence of ATP.

ivFRAP recovery was monitored for 20 s after bleaching
(Fig. 5G), and normalized results were analyzed (Fig. 5A to F).
The recovery of NS1-deYFP was slower under ATP-containing
(Fig. 5A, red line) than under non-ATP (Fig. 5A, blue line)
conditions; E445Q-de YFP gave a similar result (Fig. 5D). The
shapes of the recovery curves for these constructs were nearly
linear with ATP and logarithmic without ATP. Compared with
NS1-deYFP, changes in recovery on introduction of ATP were
not as large for E444Q-deYFP, R508A-deYFP, and R510A-
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deYFP. Also, recovery in ATP was slowest in these mutants,
but the shapes of the curves with and without ATP were similar
(Fig. 5C, E, and F). Recovery of the K406M-deYFP mutant
was faster in ATP-containing buffer than without ATP, but the
recovery curves were similarly shaped (Fig. 5B).

Next, we studied the effect of the nonhydrolyzable ATP
analog AMP-PNP. Only NS1-deYFP recovered considerably
slower in AMP-PNP than in buffer without ATP (Fig. 5A,
black line). In addition, the shape of the AMP-PNP recovery
curve for NS1-deYFP was similar to that with ATP. For all
other constructs, the recovery of AMP-PNP resembled that in
buffer without ATP. Notably, the fastest recovery for R510A-
deYFP and E444Q-deYFP was observed in AMP-PNP. iv-
FRAP recovery was also measured for NS1-deYFP and
E445Q-deYFP in buffer that contained ATP-yS. Recovery of
both NS1-deYFP and E445Q-de YFP was considerably slower
with ATP-yS than that without ATP but similar to the recovery
with ATP (Fig. SA and D, purple lines).

FRAP analysis of NS1 mutants. The binding properties of
NS1-de YFP constructs were assessed with FRAP. Half of each
nucleus from transfected cells was bleached, and the recovery
was followed until it reached a plateau (Fig. 6 and Fig. S2 in
the supplemental material). First, we estimated the contribu-
tion of diffusion to the recovery by visualizing gradient smooth-
ing during recovery (see Fig. S3 in the supplemental material).
We compared images that were taken immediately after the
bleach pulse and at the point of approximate half-time recov-
ery (f1127) for individual constructs. After normalization, the
intensity profiles for all constructs shifted, except for that of
E445Q-deYFP, indicating that the dynamics of all other con-
structs depend on diffusion (6) and that the binding kinetics of
E445Q-deYFP is considerably slower than those in other con-
structs.

Next, we analyzed the recovery from half-nucleus FRAP
experiments in NLFK cells. EYFP was used as a free diffusion
marker and recovered quickly, as expected (mean 7, ,; * stan-
dard error of the mean, 0.46 * 0.03 s; n = 12) (see Fig. S4 in
the supplemental material). The recovery of all NS1-deYFP
constructs was considerably slower. The fastest recovery was
observed for the A motif mutant K406M-de YFP, which equil-
ibrated in approximately 60 s (f[,,,; = 3.04 = 0.20 s; n = 20)
(Fig. 6B); its recovery, however, was much slower than what is
expected for a freely diffusing molecule (e.g., EYFP). NS1-
deYFP reached a plateau in approximately 240 s (f;5; =
17.90 = 1.97 s; n = 20) (Fig. 6A), while RS08A-de YFP recov-
ered more quickly (¢,5) = 15.35 = 1.73 s; n = 20) (Fig. 6E).
The shapes of the recovery curves were nearly identical for
these constructs, and there was no significant difference in 7,
values (see Fig. S4G in the supplemental material). Both the B
motif mutant E444Q-deYFP (#,,; = 5.70 = 0.27 s; n = 20)
(Fig. 6C) and the arginine finger mutant R510A-deYFP
(o = 582 £ 0.62 s; n = 22) (Fig. 6F) equilibrated in 120 s.
The recoveries of these mutants were nearly identical in these
experiments, and f},,; values did not differ significantly (see
Fig. S4G in the supplemental material). Finally, considerably
slower dynamics was observed for the B motif mutant E445Q-
deYFP (f; = 40.19 = 6.90 s; n = 21) (Fig. 6D), which leveled
off in approximately 600 s; despite this pattern, approximately
10% of the fraction was not recovered.
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FIG. 5. Invitro FRAP experiments with NS1-de YFP constructs. (A) NS1-deYFP. (B) K406M-deYFP. (C) E445Q-deYFP. (D) E444Q-deYFP.
(E) R508A-deYFP. (F) R510A-deYFP. Average recovery in buffer without ATP is shown in blue, that in buffer with 1 mM ATP is shown in red,
that in buffer with 1 mM AMP-PNP is shown in black, and that in buffer with 1 mM ATP-yS is shown in purple (only in panels A and D). The
y axis is normalized average fluorescence, and the x axis is the time after bleaching, in seconds. Error bars show standard errors (SE). Twenty or
more cells were analyzed within each condition. (G) Inverted gray-scale images of NS1-deYFP recovery in ivFRAP experiments under different
imaging conditions. The bleached area is highlighted with a black line. Bar, 5 pm.

Virtual cell modeling of FRAP results. Half-nucleus FRAP
experiments were reconstituted in a virtual cell modeling en-
vironment (59) to glean more information on the binding ki-
netics of the NS1-deYFP constructs. Free EYFP FRAP data
yielded a diffusion constant of 30 wm?s in simulations, which
was used to calculate a theoretical diffusion constant of 18.8
um?/s for NS1-deYFP monomers by use of mass scaling.

A reasonable fit was obtained for K406M-deYFP FRAP
data by using the calculated diffusion constant and assuming a

single binding reaction with a pseudo-on rate (k*, ,,) of 0.18
and an off rate (k; .g) of 0.21 (Fig. 6B and G). Under these
parameters, protein was bound for an average of 4.76 s (1/k.g)
and diffused freely for 5.56 s (1/k*,,). Other constructs, how-
ever, did not fit the single-binding-site model (data not shown).
Further simulations were conducted, assuming a second inde-
pendent binding reaction. The first binding reaction was as-
sumed to remain the same as in the K406M-de YFP simulation.
The values for the second binding reaction (k*, , and k, )
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G Construct Bound 1 Bound2  Free Binding Reaction 1 Binding Reaction 2
[S] [S] [S] k*I, on kl,off k*Z, on k2, off
NS1-deYFP 4.76 71.43 5.06 0.18 0.21 0.0175  0.014
K406M-deYFP  4.76 - 5.56 0.18 0.21 - -
E444Q-deYFP 4.76 222 4.76 0.18 0.21 0.03 0.045
E445Q-deYFP 50 357.14  43.48 0.02 0.024 0.003  0.0028
R508A-deYFP  4.76 55.56 5.06 0.18 0.21 0.0175  0.018
R510A-deYFP  4.76 17.18 4.78 0.18 0.21 0.0291  0.0582

FIG. 6. Half-nucleus FRAP experiments and virtual cell simulations. The blue line denotes normalized half-nucleus recovery of the construct.
Error bars are SE. The red line shows the virtual cell simulation reconstruction of recovery. (A) NS1-deYFP. (B) K406M-deYFP. (C) E444Q-
deYFP. (D) E445Q-deYFP. (E) R508A-deYFP. (F) R510A-deYFP. The y axis is normalized average fluorescence, and the x axis is time, in
seconds. (G) Average binding times for both binding sites (Bound 1 and Bound 2) and average free diffusion times (free), in seconds. Binding
reaction pseudo-on rates (k*; , and k*, ) and off rates (k, .4 and k, ) were obtained from simulations.

were adjusted to fit the FRAP data (Fig. 6G). Recovery data
for all remaining mutants, except for E445Q-deYFP, were
reproduced using the second binding reaction with adjusted
parameters. The second binding reaction had slower kinetics
for all mutants than the first one. NS1-deYFP bound to the
second binding site for 71.43 s and diffused freely for 5.06 s.
Slightly faster dissociation for R508A-deYFP resulted in a
binding time of 55.56 s for the second binding reaction, and the
free diffusion time was 5.06 s, the same as that for NS1-de YFP;
this mutant differed from NS1-de YFP only by its slightly higher
k,, o Tate. The kinetics of the second binding site was faster for
both E444Q-deYFP and R510A-deYFP, yielding binding
times of 22.2 s and 17.18 s, respectively. Free diffusion times
were 4.76 s for E444Q-deYFP and 4.78 s for R510A-de YFP.
The slow recovery of E445Q-de YFP did not fit the same model
as that for the other mutants; its recovery did not contain a
highly dynamic component that was comparable with K406M-
deYFP and the other constructs, neither was its recovery re-
producible with the single-binding-site model. We had to alter
our model to contain two binding sites to successfully repro-

duce the FRAP data. Binding times for E445Q-deYFP were
50 s and 357 s for the first and second binding reactions,
respectively. Association rate constants were much lower than
those for other constructs, and the free diffusion time was
43.5 s. Recovery of this mutant was incomplete in the hnFRAP
experiments, but the full recovery time predicted by the sim-
ulation was 1,120 s (Fig. 6D).

DISCUSSION

After nuclear import, the single-stranded-DNA (ssDNA)
genome of parvovirus is converted to double-stranded DNA
(dsDNA), and production of the viral NS1 protein initiates. All
ensuing steps of the infection appear to depend on this mul-
tifunctional protein, whose functions rely on ATP. In this
study, we mutated amino acids that are critical for ATP bind-
ing and monitored the changes in the function and dynamics of
canine parvovirus NS1 in living cells.

The ATP-binding site of parvoviral NS1 proteins is located
in the conserved superfamily 3 (SF3) helicase domain (27) and
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is likely to be the only binding site, because mutations therein
abolish ATP-dependent functions of NS1 (35, 40). The general
mechanisms of ATP binding and hydrolysis of AAA+ fold
proteins, including SF3 helicases, are well established (re-
viewed in references 23 and 61). Our comparative model of the
helicase domain shows an /B fold where the conserved ATP-
binding A and B motifs meet on one of the facets. These
properties are conserved in all SF3 helicase domain structures
(30). Some helicases control ATP binding and hydrolysis
though an arginine finger, a frans-acting, positively charged
amino acid (57). Based on sequence alignment, CPV NSI is
one of these helicases, and R510 is a prominent arginine finger
residue. In our comparative model, this residue lies in a region
of positively charged amino acids opposite the A and B motifs.
A similar positively charged region has been shown to be
critical for oligomerization of LTAg, an SF3 helicase from
simian virus 40 (29), and an analogous role can be inferred for
other members of this family. Note that a mutation in this area
of the MVM parvovirus renders it unable to replicate the viral
genome, thus suggesting its importance for parvovirus NS1
function (35). This region is close to the neighboring subunit in
our hexameric models, further supporting its role in multim-
erization of parvovirus NSI.

In our comparative model, we identified the locations of
ATP-binding amino acid residues in CPV NS1. We created a
series of fluorescent fusion constructs with mutations in the
identified residues to study the effects of ATP binding and
hydrolysis on the dynamics of NS1. After expression in mam-
malian cells, these proteins localized to the nucleus, confirming
that neither the C-terminal fluorescent fusion nor any of the
mutations affected nuclear transport. This result was expected,
because a bipartite nuclear localization signal resides before
the helicase domain in the NS1 sequence (46). At the early
stages of parvoviral infection, characteristic intranuclear rep-
lication structures, called autonomous parvovirus replication
bodies, are formed (20). We have reported that CPV NS1
expressed in uninfected cells as a fluorescent fusion protein
forms interchromosomal foci (32). The role or constituents of
these foci are unknown, but similar structures are formed by
inert multimerizing proteins, arguing that this is a property of
multimerizing proteins (28). Focus formation similar to that of
nonmutated NS1 was observed for the RS08A mutant and both
motif B mutants, the E444Q and E445Q mutants. These struc-
tures were, however, less pronounced for the R510A mutant
and absent from K406M mutant-expressing cells. Notably,
K406 is a crucial amino acid for ATP-binding-associated func-
tions in many SF3 helicases, including NS1 of the parvovirus
MVM (35) and multimerization in AAV Rep (42). Also, ac-
cording to sequence analysis, R510 is the arginine finger resi-
due in CPV NSI and hence regulates ATP binding in multi-
meric conformation (34). These observations suggest a link
between focus formation and multimerization of NS1. ATP
binding per se, however, does not appear to be critical, because
these structures also exist in ATP-depleted cells.

ivFRAP is a new method for estimation of the ATP depen-
dency of a binding reaction (36). With this method, we dem-
onstrated that NS1 binding dynamics is highly dependent on
ATP. Moreover, results with the nonhydrolyzable ATP analog
AMP-PNP initially suggested that ATP hydrolysis is unneces-
sary. The motif B E445Q mutant retains significant ATP-bind-
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ing ability, but ATP hydrolysis is severely impaired (35). Bind-
ing of the E445Q mutant was ATP dependent in the ivFRAP
experiments, further suggesting that hydrolysis is unnecessary
for NS1 binding. Yet binding was not induced by AMP-PNP in
the ivFRAP experiments. These findings should be interpreted
with some caution, however, since proteins complexed with a
nonhydrolyzable ATP analogue might not be fully functionally
equivalent to corresponding ATP-bound forms (24). Proteins
also vary in their ability to recognize and hydrolyze ATP ana-
logs, and this could explain the difference between NS1 and the
E445Q mutant in AMP-PNP experiments (43, 48, 64). Indeed,
we could observe binding for the E445Q mutant in the pres-
ence of another nonhydrolyzable ATP analog, ATP-vS. Ac-
cordingly, we propose that some degree of ATP hydrolysis is
required for NS1 binding, as has been shown for MCM heli-
case (54). Alternatively, the changes could be due to differ-
ences in the binding of ATP analogues, as has been reported
for the SecA protein of the translocase complex (24). Notably,
a mechanism has been reported for E1, an SF3 helicase from
bovine papillomavirus for which there are two states in the
ATP hydrolysis cycle, with opposing binding properties (9).
When bound to ATP, E1 readily forms multimers with a high
affinity and fast binding kinetics for both ss- and dsDNA. In-
corporation of ADP or AMP-PNP, however, decreases the
DNA binding affinity and kinetics, indicating that ATP hydro-
lysis is required to dissociate E1. ivFRAP results indicate that
a similar mechanism exists for CPV NS1, in which affinity for
DNA cycles between high-affinity (ATP-bound) and low-affin-
ity (hydrolyzed) stages. The motif A K406M mutant did not
alter its binding at detectable levels in the presence of ATP or
AMP-PNP. This result was expected, because many studies
have reported that the amino acid at this position is critical for
mediating ATP-dependent functions (35, 40, 46). Binding of
constructs in the presence of ATP decreased gradually from
the wt to the K406M mutant (NS1 ~ E445Q > R510A >
R508A > E444Q > K406M), indicating that we correctly iden-
tified the amino acids that are important for ATP binding.
To determine the effects of the mutations on the transacti-
vation activity of NS1, we studied both NS1 fusion proteins
(with EYFP) and infectious clones (pIC). All mutants, with the
exception of the RS08A mutant, had reduced P38 transactiva-
tion. Interestingly, the levels of transactivation in all mutants,
except the R508A mutant, were lower in EYFP assays than in
pIC assays. This difference could be explained either by the
effect of the EYFP fusion or by the differences in the levels of
NS1 in these assays. The possible influence of the EYFP fusion
on NS1 function is most likely independent of the mutations in
the ATP-binding pocket and thus should not affect the relative
transactivation values of different mutants. In pIC assays, NS1
and R508A mutant expression levels were constantly lower
than others. This led to lower relative transactivation values for
the other constructs, due to normalization. The reason for
reduced NS1 expression is not clear but could arise from its
cytotoxicity (37). Interestingly, these data suggest that a small
amount of functional NS1 is sufficient for high-level transacti-
vation of the P38 promoter. The P38 promoter could be satu-
rated by an excess of NS1 in the EYFP assay leading to un-
derestimation of the transactivation potential. Despite the
differences between the assays, the only mutant that retained
the NS1-like transactivation was the R508A mutant, and the
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lowest activity was observed for the K406M mutant, a mutant
that did not react to ATP in ivFRAP. However, the E445Q and
E444Q mutants, which had strong and weak reactivities to
ATP in the ivFRAP experiments, respectively, were indistin-
guishable in promoter transactivation. Overall, it appears that
although ATP binding is important for transactivation, it does
not correlate with differences in the overall binding properties
of mutants.

Viral replication efficacy was analyzed in secondary infection
experiments. A time-dependent increase in the amount of in-
fectious viruses was observed for the nonmutated infectious
clone. This was not observed in any of the mutants, which were
essentially unable to produce infectious viruses. Additionally,
infectivity was drastically reduced in cells that expressed con-
structs that had a mutation in the A or B motif and slightly
decreased with arginine mutants. Because these cells also ex-
pressed wt NS1, these reductions in infectivity were likely a
consequence of dominant-negative inhibition by the mutant
proteins. What is the mechanism of this dominant-negative
effect? NS1 is inhibited in a dominant-negative manner by
coexpression of a nonfunctional protein that has an intact
oligomerization domain (22) and in a competitive manner by
peptides that mimic the oligomerization domain sequence
(50). These observations highlight the importance of multim-
erization for NS1 function. In many helicases, multimerization
is an ATP-dependent process (42). Although there is no direct
link between ATP binding and the multimerization of auton-
omous parvovirus NS1 proteins, some indirect evidence exists
(46). Site-specific nicking (13) and capsid promoter transacti-
vation depend on ATP in MVM NS1 (10), and multimerization
is speculated to occur during both events. Moreover, forced
multimerization of NS1 by cross-linking antibodies is sufficient
for transactivation (10). Both nicking and transactivation are
likely to be independent of energy input (10, 35, 44), further
suggesting that the function of ATP binding is mediated
through multimerization of NS1. Notably, the two mutants that
induced nearly identical reductions in infectivity, the K406M
and E445Q mutants, had disparate effects on P38 transactiva-
tion. In general, defects in transactivation do not appear to
explain the observed dominant-negative effect. An intriguing
feature of CPV infection is the marginalization of host chro-
matin toward the nuclear envelope and the nucleolus (31).
Marginalization was not observed in cells that expressed fluo-
rescent fusions of the viral proteins NS1, NS2, and VP2, sug-
gesting that viral genome replication is required, either directly
or indirectly (data not shown). One of the obligatory roles of
NS1 in genomic replication is helicase activity (15). The cur-
rent opinion on the function of SF3 helicases suggests a model
with “all sites sequential” (23). In this model, ssDNA makes
contact directly with consecutive subunits of the multimeric
protein ring while being escorted though a central pore. The
corollary of this model is that a single nonfunctional monomer
can slow or halt the helicase activity of the entire complex.
Consequently, NS1 helicase activity is prone to malfunctioning
in the presence of even minute amounts of mutated subunits.
We observed a substantial decrease in the proportion of cells
with the chromatin-marginalized phenotype in the infected
cells that expressed any of the mutants, except for the RS08A
mutant. Also, the reduction in infectivity was substantially
lower in this mutant. Notably, in some infected cells, viral
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capsids were mostly cytoplasmic. We suggest that this pheno-
type represents cells where production of capsid proteins is
ceased while nuclear export of capsids is still ongoing. At later
time points, the majority of the NS1-expressing cells, in con-
trast to only a few R508 A mutant-expressing cells, belonged to
this category. It is tempting to speculate that the difference in
capsid localization is the explanation for the mutant’s inability
to produce infectious viruses. In conclusion, our data suggest
that defects in helicase activity explain the dominant-negative
effect of mutant NS1 proteins.

To measure the binding properties of individual ATP-bind-
ing mutants, we studied their dynamics in living cells by use of
FRAP. To our knowledge, this is the first study to use FRAP
to systematically characterize ATP binding in a protein. This
approach has the benefit of monitoring the steady state of all
interactions in the cellular environment, obviating the need to
concentrate on a particular predefined interaction. This is par-
ticularly advantageous in the case of a multifunctional protein,
e.g., NS1, which has many ATP-dependent functions. FRAP
analysis was performed in noninfected cells due to the domi-
nant-negative-effect-induced poor infectivity of mutant pro-
tein-expressing cells. The recovery of all constructs was slower
than that of a similarly sized freely diffusing protein, indicating
that all mutants retained some binding properties. The fastest
dynamics was observed for the K406M mutant, and simulation
data supported the single-binding-site model. Based on iv-
FRAP results, we propose that this binding is ATP indepen-
dent. The single-binding-site model does not explain the re-
covery of the remaining constructs, which we concluded to
have two binding modes with distinct binding kinetics. We
further assumed that one of the reactions represented ATP-
independent binding and thus retained the same binding pa-
rameters as those for the K406M mutant. This assumption
yielded a good fit to the experimental data for all of the mu-
tants except the E445Q mutant. The binding kinetics of the
second reaction was slower for all constructs than that for the
K406M mutant. Notably, these constructs showed ATP-depen-
dent binding in the ivFRAP experiments, indicating that the
second binding reaction was ATP dependent. Hence, the dif-
ferences in the kinetics of the second binding reaction reflect
ATP-dependent binding properties of the constructs. Recently,
we reported two binding modes for NS1 in infected cells, with
binding times of 83 s and 10 s and a free diffusion time of 8.1 s
(31). Notably, very similar values for average binding times (71
s and 4.8 s) and for free diffusion time (5.1 s) were observed in
this study for noninfected cells. Evidently, this result suggests
that the interactions that define NS1 dynamics in infected and
noninfected cells are the same, despite the drastic changes that
occur in the nuclear environment. As anticipated from recov-
ery profile analysis of the E445Q mutant, patently slower bind-
ing kinetics, without a fast component comparable to that of
the K406M mutant, was observed. A homologous mutant has
been reported to hydrolyze ATP slowly in the context of MVM
NS1 protein (35) and other AAA+ fold-containing proteins
(4). These data, with ivFRAP analysis, imply that ATP hydro-
lysis is required for the dissociation of NS1. While other con-
structs readily hydrolyze bound ATP molecules and return to
low-affinity states or dissociate from DNA, the E445Q mutant
remains bound to DNA. What are the probable targets for NS1
binding in the noninfected cell nucleus? We have recently
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shown that NS1 protein stays in the nucleus, even after per-
meabilization of the nuclear membrane, but that its binding is
sensitive to the removal of DNA (31). Also, only binding to an
immobile target, e.g., DNA, leads to large changes in recovery
dynamics; thus, it seems plausible that the dynamics of NS1 in
living cells is dictated by its ability to bind DNA. Of the several
instances of NS1-DNA interactions that have been reported,
some are likely to have a major effect on the overall dynamics
only during infection. Nicking activity is controlled by specific
interactions between NS1 and endogenous proteins on the
viral DNA sequence, and the helicase activity of NS1 requires
single-stranded or nicked DNA for initiation in vitro (11, 15,
45). These interactions are thus unlikely to take place in non-
infected cells. NS1 binds ACCA repeat sequences in dsDNA,
and recently, two binding modes were observed for MVM NS1
in vitro (16); one mode was highly dependent on ATP, while
the effect of ATP was negligible in the other. Consensus
binding sequences were found to be noncomplex, and thus
candidate binding sequences are likely to be found in the
endogenous genome. Similarly, a recent study proposed two
DNA-binding modes for the AAV Rep protein (42), one
of which was ATP dependent and cooperative between the
N-terminal and helicase domains, while the other was inde-
pendent of ATP and maintained by the N-terminal domain.

In conclusion, we propose two binding modes for autono-
mous parvovirus NS1 proteins in living cells. These binding
modes are likely to reflect the ATP-independent fast kinetics
for binding of the N-terminal domain and the ATP-dependent
slower binding kinetics with both the N-terminal and helicase
domains. Furthermore, our data suggest that DNA binding of
NS1 depends on both binding and hydrolysis of ATP.
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