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ABSTRACT: Many cellular factors are regulated via mechanisms
affecting protein conformation, localization, and function that may
be undetected by most commonly used RNA- and protein-based
profiling methods that monitor steady-state gene expression. Mass-
spectrometry-based chemoproteomic profiling provides alterna-
tives for interrogating changes in the functional properties of
proteins that occur in response to biological stimuli, such as viral
infection. Taking dengue virus 2 (DV2) infection as a model
system, we utilized reactive ATP- and ADP-acyl phosphates as
chemical proteomic probes to detect changes in host kinase function that occur within the first hour of infection. The DNA-
dependent protein kinase (DNA-PK) was discovered as a host enzyme with significantly elevated probe labeling within 60 min of
DV2 infection. Increased probe labeling was associated with increased DNA-PK activity in nuclear lysates and localization of
DNA-PK in nucleoli. These effects on DNA-PK were found to require a postfusion step of DV2 entry and were recapitulated by
transfection of cells with RNA corresponding to stem loop B of the DV2 5′ untranslated region. Upon investigation of the
potential downstream consequences of these phenomena, we detected a modest but significant reduction in the interferon
response induced by DV2 in cells partially depleted of the Ku80 subunit of DNA-PK. These findings identify changes in DNA-
PK localization and activity as very early markers of DV2 infection. More broadly, these results highlight the utility of
chemoproteomic profiling as a tool to detect changes in protein function associated with different cell states and that may occur
on very short time scales.

Detecting functional changes in cellular proteins is
challenging given the rapid rate at which these changes

can occur. Monitoring changes in steady-state mRNA or
protein abundance can provide significant and valuable
information on differences in cellular state mediated by changes
in steady-state gene expression following specific stimuli but
may not detect perturbations of host protein localization,
conformation, or activity that can occur on much shorter time
scales (i.e., minutes instead of hours). Viral infection is one such
stimulus that can cause global changes in steady-state gene
expression but can also perturb host protein function and/or
localization via mechanisms that are independent of changes in
steady-state gene expression.
Kinases, which transduce signals through specific phosphor-

ylation of their substrates, are known to be tightly regulated at
multiple levels including transcription, translation, protein
stability, and post-translational processes that control structural
conformation, localization, and protein−protein interactions.1

Given the centrality of kinases in signal transduction and
regulation of cellular processes, it is not surprising that viruses
are known to exploit host kinases to support their own
replication while also targeting cellular kinases to counteract the
host response to infection.2−5 Since most virus-induced effects
on host kinases have been observed after viral protein
expression and replication are well-established, we were

interested in using chemoproteomic methods to monitor
changes in kinase activity, conformation, localization, or other
functional characteristics that might occur on a more rapid time
scale early in infection.
KiNativ profiling using ATP- and ADP-acyl phosphate

probes has recently been validated as a tool to interrogate
changes in kinase function.6,7 These probes mimic the ATP
cofactor but contain an acyl anhydride that reacts with the
conserved catalytic lysine and with lysines in the kinase
activation loop and other sites proximal to the ATP-binding
site. Reaction with these probes results in covalent attachment
of the kinase to biotin, which can then be used as an affinity
handle to both purify and quantify the extent of labeling via
mass spectrometry (Figure 1a). Since the efficiency of probe
labeling reflects the binding affinity of the kinase for the probe
and its rate of reaction with lysines, quantification of differences
in probe-labeling can provide a sensitive measure of changes in
functionally relevant properties of kinases, including those due
to changes in kinase abundance, post-translational modifica-
tions, altered cellular localization, and association with
regulatory factors.6−9 While profiling with ATP- and ADP-
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acyl phosphate probes has primarily been used to profile kinase
inhibitor selectivity,7−9 we were interested in demonstrating
that these probes can also be useful tools to identify changes in
cell state following a specific biological stimulus, such as viral
infection. In particular, we were interested in identifying
changes that might not be detected using conventional
expression-based profiling methods. Using dengue virus as a
model system, we undertook experiments to interrogate
changes in the functional host kinome that occur very early
in viral infection.
Dengue virus (DV) is a single-stranded positive-sense RNA

virus comprising four circulating serotypes (DV1-DV4), which
are the causative agent of dengue fever, dengue hemorrhagic
fever, and dengue shock syndrome. Although 2.5 billion people
living in endemic areas are at risk of infection, with an
estimated 50−100 million infections per year, there are no DV-
specific therapeutics and no available vaccine. DV infection is
initiated by clathrin-mediated uptake of the virion following
binding to a receptor on the host cell surface. Endosomal

acidification triggers conformational changes in the viral
envelope protein (E) that catalyze fusion of the viral and
endosomal membranes.10 Following release of the viral
nucleocapsid into the cytoplasm, the DV genomic RNA is
translated to yield a polyprotein that is subsequently cleaved
into three structural and seven nonstructural proteins. The viral
genomic RNA is encapsidated by a shell comprised by core
protein, and the assembled nucleocapsid then buds into the ER
lumen. As these enveloped viral particles traffic through the
secretory pathway of the host cell, they undergo posttransla-
tional processing of the E and prM proteins on the virion
surface, ultimately producing mature virions that are secreted
from the host cell. Altogether this process occurs on the time
scale of several hours with the release of progeny viral particles
commencing at 12−24 h post-infection, depending upon the
virus strain and cell-type.11,12 As with many other viruses,
cellular kinases that function as effectors of DV replication13−16

and as effectors of the host innate immune response to DV17,18

have been identified through RNAi and small molecule screens
as well as transcriptomic and proteomic profiling studies.
To examine whether DV causes detectable changes in the

host kinome very early in infection, we performed a
chemoproteomic profiling study utilizing KiNativ ATP- and
ADP-acyl phosphate probes and a serotype 2 strain of DV
(DV2) (Figure 1). This profiling identified DNA-dependent
protein kinase (DNA-PK) as a host kinase that exhibits
increased labeling within 60 min of DV2 infection. Increased
labeling of DNA-PK’s Ku70, Ku80, and DNA-PKcs subunits
was associated with an increase in kinase activity in nuclear
lysates from DV2-infected cells and accumulation of DNA-PK
in nucleoli. These effects on DNA-PK were recapitulated upon
transfection of cells with an in vitro synthesized RNA
corresponding to stem loop B of the 5′ untranslated region
(UTR) of the DV2 genome. RNAi targeting the Ku80 subunit
of DNA-PK led to a decrease in DV2-induced interferon
expression and signaling. Taken together, our results suggest
that DV2’s perturbation of DNA-PK activity and localization
are very early markers of DV infection and illustrate the utility
of this chemoproteomic method to identify differences in
kinase function and localization that are associated with
changes in cell state.

Figure 1. Chemoproteomic profiling using ATP- and ADP-acyl
phosphate probes. (a) Structures of the KiNativ ATP- and ADP-acyl
phosphate probes and their covalent reaction with lysines in or
proximal to the ATP binding site of kinases and other enzymes. (b)
Scheme of the chemoproteomic profiling experiment to identify DV2-
induced changes in host kinase function.

Figure 2. DNA-PK exhibits increased labeling and catalytic activity at 60 min post-DV2 infection. (a) Representative mass spectrometry trace
showing the relative intensity of the probe-labeled DNA-PK catalytic subunit peptide in samples prepared from Huh7 cells treated with conditioned
medium (Mock) or infected with DV2 (MOI 10) or VSV (MOI 10). Four separate profiling experiments were performed, each time analyzing two
replicate samples for each experimental condition. (b) Western blot confirmation of increased reaction of the Ku80 subunit of DNA-PK with the
ATP-acyl phosphate probe in DV2-infected lysates versus mock-infected lysates. (c) Representative Western blot of unlabeled protein lysates
demonstrating no change in steady-state expression of Ku70 or Ku80 at 60 min post-DV2 infection. (d) Kinase assay confirming that nuclear lysates
from DV2-infected cells exhibit increased DNA-PK kinase activity relative to that of mock-infected and VSV-infected controls. Representative data
for three separate experiments are shown. Note that all samples for this radiometric assay were analyzed on the same filter. The intervening space on
the filter between the VSV and DV2 samples was eliminated to reduce the size of this image.
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■ RESULTS AND DISCUSSION

Chemoproteomic Profiling Identifies Changes in the
Host Kinome at an Early Time Point in DV2 Infection. To
examine the use of ATP- and ADP-acyl phosphate probes as
tools to identify changes in the functional kinome that occur
early following a biological stimulus, we profiled the changes
induced by DV2 at 60 min post-infection. Huh7 cells were
infected with DV2 or vesicular stomatitis virus (VSV) at a
multiplicity of infection (MOI) of 10 or mock-infected with
conditioned medium. VSV, an enveloped, negative-sense RNA
virus, was chosen as a control for viral specificity because it
replicates rapidly (progeny virions first appear 4 h post-
infection19) and because its replication is known to have a
significant effect on multiple cellular processes including
translation20 and the interferon response.21 Comparison of
the DV2-infected sample to the controls from multiple replicate
profiling experiments enabled the discovery that DNA-depend-
ent protein kinase (DNA-PK) is consistently elevated in DV2
samples by 2- to 8-fold (Figure 2a). DNA-PK is a
heterotrimeric kinase responsible for recognition and repair
of DNA double-stranded breaks. The DNA-PKcs subunit
contains the kinase active site, while Ku70 and Ku80 subunits
regulate the catalytic activity of DNA-PKcs, mediate
interactions with other proteins, and can act as ATP-dependent
helicases.22 All three subunits have conserved lysines near their
respective ATP-binding sites, and all three subunits exhibited
significantly higher labeling with KiNativ probes in the DV2-
infected samples versus VSV-infected or mock-infected controls
(Supplementary Tables 1 and 2). Increased labeling of the DV2
samples was confirmed by independent affinity purification of
the labeling reactions followed by Western blot analysis for
Ku80 (Figure 2b); moreover, Western blot analysis of the
unlabeled lysate confirmed that this result was not due to
increased steady-state expression of Ku70 or Ku80 (Figure 2c).
Both the DV2- and VSV-infected samples also exhibited

moderate changes in additional kinases that were at or below
our set level of significance (Supplementary Table 1). These
kinases may still reflect physiologically important DV2−host
interactions since even modest changes in enzyme conforma-
tion and activity can have significant effects on downstream
kinase targets and the processes they regulate. We also note
that although the ATP-/ADP-acyl phosphate probes utilized in
this study were developed as tools for functional interrogation

of the kinome,7 our finding that Ku70 and Ku80 also exhibited
increased labeling with these probes illustrates their potential as
tools to monitor changes in other nucleotide-binding proteins.

Increased Chemoproteomic Labeling of DNA-PK Is
Correlated with Changes in Kinase Function and
Localization in DV2-Infected Cells. To investigate whether
increased labeling with KiNativ probes corresponded to a
detectable change in kinase function, we examined the effects of
DV2 on kinase activity and localization at 60 min post-
infection. Nuclear lysates prepared from DV2-infected cells
were analyzed using a commercially available [γ-32P]ATP-based
DNA-PK activity assay and found to have elevated DNA-PK
enzymatic activity compared to mock-infected and VSV-
infected controls (Figure 2d). We also monitored the
localization of the Ku70 subunit as a marker of DNA-PK at
10, 30, and 60 min post-DV2 infection by immunofluorescence
microscopy. Ku70 localized to specific sites in the nucleus by 60
min post-DV2 infection (Supplementary Figure 1A), and co-
localization with nucleolin confirmed that these compartments
were nucleoli (Figure 3a). This effect was not limited to Ku70,
since Ku80 and DNA-PKcs exhibited nucleolar localization at
60 min post-DV2 infection (Supplementary Figure 1B).
Importantly, cells infected with VSV or exposed to conditioned
medium for 60 min did not exhibit accumulation of DNA-PK
subunits in the nucleoli (Figure 3b and Supplementary Figure
1B). Nucleolar DNA-PK was also not observed following
infection of cells with Kunjin virus (MOI 10), a member of the
Flaviviridae family that is closely related to DV2 (Figure 3c).
Together these data indicate that DNA-PK activity and
localization undergo changes very early in DV2 infection and
that these perturbations are specific to DV2 versus being part of
a generic antiviral or stress response. More broadly, these
results illustrate the utility of the ATP-/ADP-acyl phosphate
probes in discovering virus-induced changes in host protein
function and localization very early in viral infection.

Early Events in DV2 Infection Trigger Nucleolar
Localization of DNA-PK. On the basis of the relatively
rapid kinetics of DV2’s effects on DNA-PK activity and
localization, we hypothesized that these events might be
triggered during DV2 entry, known to have an average time
between surface binding and endosomal fusion of 12.5 min,23,24

or shortly thereafter. To test this hypothesis, we first asked
whether DV2-induced changes in DNA-PK localization occur

Figure 3. DNA-PK exhibits nucleolar localization early in DV2 infection. Huh7 cells were infected with DV2 (MOI 10) and then fixed and analyzed
by immunofluorescence microscopy to monitor the localization of (a) Ku70, which co-localizes with nucleolin at 60 min post-DV2 infection. Neither
(b) VSV nor (c) Kunjin virus infections cause nucleolar localization of Ku70 at this time post-infection. Images are representative of three separate
experiments.
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in the presence of chloroquine, a compound that inhibits DV2
entry by blocking endosomal acidification. Using immuno-
fluorescence detection of Ku70 as a marker for the localization
of the heterotrimeric DNA-PK complex, we found that DNA-
PK localization is unchanged at 60 min post-DV2 infection in
the presence of this compound (Supplementary Figure 1C).
Since blocking endosomal acidification might affect DNA-PK
localization via mechanisms unrelated to DV2 entry, we also
utilized a peptide derived from the DV2 E protein stem region
(the “DV2 stem peptide”) that specifically inhibits the fusion
step of DV entry.25,26 In the presence of the DV2 stem peptide,
Ku70 remained nuclear and did not accumulate in nucleoli at
60 min post-DV2 infection (Figure 4a). These data suggested

that viral-endosomal membrane fusion or a downstream event,
such as nucleocapsid escape to the cytoplasm, is necessary to
trigger nucleolar localization of DNA-PK.
To test whether viral-endosomal membrane fusion is

sufficient to cause nucleolar localization of DNA-PK, we
utilized virus-like particles (VLPs), which contain only the
prM/M and E proteins embedded in a viral membrane and
which lack the viral nucleocapsid.27 Since DV2 VLPs have
mature E protein,27 their entry into cells is believed to occur via
the same processes of attachment, clathrin-mediated endocy-
tosis, and membrane fusion mediated by E on the surface of
authentic virions. Incubation of Huh7 cells with 0.5 μg VLPs,
equivalent in mass to the DV2 virions used in this set of
experiments, had no effect on Ku70 localization at 60 min post-
infection (Figure 4b). This suggested that viral-endosomal
membrane fusion is not sufficient to perturb DNA-PK
localization and that this phenomenon occurs only upon
postfusion events that are not recapitulated by the VLP system.
Transfection of DV2 5′ UTR RNAs Causes Relocaliza-

tion of DNA-PK to the Nucleoli. Since expression of new
viral gene products is usually detected 8−12 h post-DV
infection,28,29 the effects of DV2 on DNA-PK at 60 min post-
infection seemed more likely triggered by the incoming DV2

genomic RNA and/or core protein, both of which are present
in the virion but absent from the VLP. Recognition of viral
nucleic acids by host pattern recognition receptors (PRRs)
initiates the innate immune response, and in vitro transcribed
RNAs corresponding to the 5′ and 3′ untranslated regions
(UTRs) of the DV2 genome (Figure 5) are moderate activators
of the interferon response when transfected directly into cells.30

To examine whether DV2’s effects on DNA-PK can be
triggered by the 5′ or 3′ UTRs, we transfected cells with the
corresponding in vitro synthesized transcripts and monitored
the effect on Ku70 localization at 60 min post-transfection. As
illustrated in Figure 5c, transfection of Huh7 cells with a capped
5′ UTR RNA was associated with nucleolar Ku70 that
resembled DNA-PK’s localization following DV2 infection
(Figure 3). This did not appear to be a generic effect of the
RNA transfection since neither the lipid transfection reagent
alone nor transfection of the 3′ UTR RNA were associated with
nucleolar Ku70. In addition, the effect of the 5′ UTR RNA was
not due to the adenosine cap since transfection of cells with a
non-capped 5′ UTR RNA also resulted in nucleolar DNA-PK
(Supplementary Figure 1D).
To map the region of the 5′ UTR RNA sufficient to affect

Ku70 localization, we examined the effects of equivalent masses
of in vitro synthesized RNAs corresponding to conserved stem
loops A and B (Figure 5b), whose secondary structures have
been verified by chemical and nuclease mapping in solution.31

Transfection of stem loop B RNA but not stem loop A RNA
was associated with a change in Ku70 localization (Figure 5d)
that recapitulated the effects of both the 5′ UTR RNA
transfection (Figure 5c) and infection with authentic DV2
(Figures 3 and 4). In addition, transfection of Huh7 cells with
stem loop B RNA was correlated with an increase in DNA-PK
kinase activity in nuclear lysates generated at 60 min post-
transfection, whereas stem loop A and the 5′ UTR RNAs
caused no measurable change in DNA-PK activity in these
experiments (Figure 5e). Taken together these results
demonstrate that stem loop B alone is sufficient to affect
both the activity and localization of DNA-PK.
The secondary structure of the 5′ UTR is well conserved

among the four DV serotypes and has been implicated in
interactions with host factors as well as in the regulation of both
translation and replication of the viral genomic RNA.32−34

While the 5′ UTR secondary structure, including stem loop B,
is fairly conserved across the Flaviviridae, the failure of Kunjin
virus infection to trigger changes in DNA-PK localization
(Figure 3c), indicates that further work is needed to elucidate
the molecular features of the DV2 stem loop B RNA that are
responsible for triggering its effects on DNA-PK. Interestingly,
although the stem loop B RNA affected both DNA-PK activity
and localization, these two perturbations appeared to be
uncoupled in the experiments utilizing the 5′ UTR RNA
(Figure 5c and e). In addition, the nucleolar localization of
DNA-PK following DV2 infection or transfection with stem
loop B RNA was unaffected by the presence of 10 μM
NU7114,35 a small molecule inhibitor of DNA-PK, (Supple-
mentary Figure 2), suggesting that the kinase activity is not
required for the DV2-induced change in localization. While
these results could suggest that the effects on DNA-PK activity
and localization are mechanistically distinct phenomena, further
study is required to elucidate their functional significance and
the mechanisms responsible.

RNAi-Mediated Depletion of Ku80 Perturbs Activa-
tion of the Host Interferon Response. Since DNA-PK has

Figure 4. A post-fusion event is required to trigger the DV2-induced
change in DNA-PK localization. (a) Inhibition of the fusion step of
DV2 entry with the DV2 stem peptide prevents nucleolar localization
of Ku70 at 60 min post-DV2 infection. (b) Incubation of Huh7 cells
with purified dengue virions leads to nucleolar Ku70, which is not
observed upon incubation of cells with an equivalent mass of VLPs.
Images are representative of three separate experiments.
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previously been implicated in signal transduction regulating the
interferon response,36,37 we sought to test the effect of RNAi-
mediated depletion of DNA-PK subunits on DV2 replication
and the host interferon response to DV2 infection (Figure 6a).
Huh7 cells were transfected with siRNA pools targeting Ku70
and/or Ku80 or with a nontargeting siRNA control, and then
48 h later were infected with DV2 (MOI 1). At 24 h post-
infection, the yield of infectious virus in the culture super-
natants was titered by focus forming assay. Consistent with
previous reports,38 we observed that RNAi-targeting one DNA-
PK subunit resulted in simultaneous depletion of the other
subunit (Figure 6b). Interestingly, the yield of DV2 progeny
virions at 24 h post-infection appeared unaffected by RNAi
targeting Ku70 and/or Ku80 (Figure 6c), suggesting that DNA-
PK is not required for DV2 replication, although we cannot
exclude the possibility that the partial depletion of Ku70 and
Ku80 in our experiments, 50% and 40%, respectively, by
Western blot, was insufficient to cause a measurable DV2
phenotype by this assay. Next, we examined the effect of RNAi-
mediated depletion of DNA-PK subunits on DV2-induced
interferon expression and signaling by quantifying IFN-β
mRNA copy number and by using reporter plasmids in
which firefly luciferase expression is regulated by the IFN-β or
interferon-sensitive response element (ISRE) promoters.
RNAi-mediated depletion of Ku80 but not Ku70 was associated
with a modest decrease in IFN-β mRNA (Figure 6d) as well as
decreases in IFN and ISRE promoter activity following DV2
infection (Figures 6e and f). We note that since there is
considerable redundancy among the mechanisms that activate
and regulate the interferon response to viral infection, a very
early contribution to this response by DNA-PK might be
somewhat obscured by downstream effectors that are amplified
upon new gene expression and that activate, potentiate, or
dampen this response.39 Taken in this light, even the modest
effects that we observed may be functionally significant,
particularly since they were observed with only partial depletion
of Ku80.
Although DNA-PK has been implicated in the life cycles of

adenovirus40 and HIV,41 it has not previously been identified in

Figure 5. Transfection of the DV2 5′ UTR stem loop B RNA is sufficient to cause changes in DNA-PK translocation and enzymatic activity. (a)
Schematic of the DV2 genome indicating the location of the 5′and 3′ UTRs. (b) Secondary structure of the DV2 5′UTR indicating the locations of
stem loops A and B. Stem loop B is shaded in gray with the start codon in bold type and underlined. Adapted from ref 31. (c) At 60 min post-
transfection, Ku70 localizes in the nucleoli of cells transfected with the 5′ UTR RNA but not of cells treated with transfection reagent alone or cells
transfected with the 3′ UTR RNA. (d) Ku70 is observed in the nucleoli of cells transfected with the 5′ UTR and stem loop B (SLB) RNAs but not in
cells treated with transfection reagent alone (no RNA) or cells transfected with the stem loop A (SLA) RNA. (e) DNA-PK activity is elevated in
nuclear lysates from cells transfected with SLB RNA but not lysates from cells transfected with 5′ UTR or SLA RNAs or treated with transfection
reagent alone. Images are representative of three separate experiments. (f) Nucleolar localization of Ku70 following DV2 infection or transfection
with stem loop B RNA is not affected by pretreatment of the cells with 10 μM NU7441,51 a small molecule inhibitor of DNA-PK activity.

Figure 6. Partial depletion of Ku80 by RNAi is associated with a
reduction in DV2-induced interferon-β expression and signaling. (a)
Schematic of the RNAi experiment. (b) Western blot analysis of
steady-state Ku70 and Ku80 at 48 h post-siRNA transfection
confirming partial depletion of Ku70 and Ku80. Representative data
for three independent experiments are shown. (c) DV2 titers
(expressed as focus forming units per mL, FFU/mL) at 24 h post-
infection were found to be unaffected by RNAi against Ku70 and/or
Ku80 relative to the nontargeting (NT) control. (d) Partial depletion
of Ku80 was associated with a modest but statistically significant
decrease in IFN-β mRNA (p = 0.05) as measured by qRT-PCR assay
using IFN-β-specific primers. Firefly luciferase expression driven by the
(e) IFN-β and (f) ISRE promoters was reduced at 48 h post-DV2
infection in cells treated with Ku80-targeting siRNAs (p = 0.05 and
0.03, respectively) but not in cells treated with Ku70-targeting siRNAs
or with the NT control. Firefly luciferase activity reflecting expression
from the IFN-β and ISRE reporters was normalized to the activity of
the transfection control, renilla luciferase. Error bars represent the
standard deviation of three independent experiments.
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genome-wide RNAi screens designed to identify host factors
required for productive replication of DV or related
flaviviruses.15,42 In this study, we observed that partial depletion
of Ku70 and/or Ku80 by RNAi had no effect on the replication
of DV2 (Figure 6c), findings that are consistent with a model in
which DNA-PK is part of the host cell’s early detection of DV2
rather than a host factor exploited to enhance viral replication.
While additional studies are required to elucidate the biological
function(s) of DNA-PK in the host response to dengue virus,
our findings demonstrate that changes in DNA-PK activity and
localization appear to be very early, specific markers of DV
infection.
Potential Role of DNA-PK as a Signal Transducer in

the Response to Cellular Stresses, Including DV2
Infection. Consistent with its function, increases in DNA-PK
activity have been directly correlated with localization of the
protein to the site of DNA double-stranded breaks in the
nucleus;43 however, DNA-PK has also been reported to localize
in cytoplasmic lipid rafts and the plasma membrane.44 Since the
nucleoli are physically separated from the site of incoming DV2
in our experiments, we deem it unlikely that nucleolar DNA-PK
interacts directly with the DV2 RNA. Instead, DV2 may
interact with cytoplasmic DNA-PK prior to its translocation to
nucleoli, or DNA-PK may lie downstream of signaling events
triggered upon release of the DV2 RNA in the cytoplasm and
detection of DV2 RNA by cytosolic RNA sensors. Notably,
nucleolar localization of DNA-PK in a manner dependent on
the cell cycle or stress status of the cell has been observed,43,45

and DNA-PK activity is known to be modulated by cellular
stress conditions such as hypoxia46 and ionizing radiation.44

Additional experiments are needed to determine the relation-
ship between these pathways and the changes in DNA-PK
activity and localization associated with DV2 infection.
Importantly, since RNAi against Ku80 and Ku70 had differing
effects on the DV2-stimulated interferon response (Figure 6),
the function(s) of individual DNA-PK subunits in the host
interferon response remain to be elucidated.
Significance. In conclusion, this study illustrates the utility

of chemoproteomic profiling with ATP-/ADP-acyl phosphate
probes to identify specific changes in the host kinome that
would likely not be detected using conventional approaches
that measure changes in host mRNA or protein abundance.
Importantly, this analysis permitted the discovery that changes
in DNA-PK localization and activity are early, specific markers
of DV2 infection. Our results provide the basis for future
studies to determine whether the DV2-induced perturbations of
DNA-PK are also functionally important in DV2 replication
and/or the host response to DV2. In addition, our results
suggest that chemical proteomic profiling methods using ATP-/
ADP-acyl phosphate probes and other probes of host protein
function will be a broadly useful strategy not only in
interrogating pathogen-induced changes in host cell signaling
but also more broadly in identifying changes in kinase function
and localization associated with different cell states. This is an
important development because the majority of “-omic”
approaches have focused on measuring changes in steady-
state DNA, RNA, and protein, while biochemically based
“-omic” approaches interrogating protein function have been
under-developed.

■ METHODS
Additional experimental details are provided in Supporting Informa-
tion online.

Cells and Viruses. Human hepatoma (Huh7) cells and HEK 293T
cells were maintained in DMEM supplemented with 10% fetal bovine
serum. DV2 New Guinea strain C (NGC) was grown in C6/36
mosquito cells maintained in L-15 medium supplemented with 10%
(v/v) FBS. Dengue virions were purified26 and titered by focus-
forming assay. Titers are expressed as focus-forming units per mL
(FFU/mL).47

Chemoproteomic Profiling with Biotinylated ATP-/ADP-Acyl
Phosphate Probes. Profiling experiments were performed as
previously described.6,7 Huh7 cells (8 ×107) were incubated with
conditioned medium or infected with DV2 or VSV (MOI 10). At 60
min post-infection, cells were washed with PBS and lifted from the
culture flask by Versene (Invitrogen). Cells were pelleted, resuspended
in buffer A (25 mM Tris pH 7.6, 150 mM NaCl, 1% (v/v) CHAPS,
1% (v/v) Tergitol and phosphatase inhibitor cocktail II (EMD)) equal
to 4 times the pelleted cell volume, Dounce homogenized, and
sonicated. Debris was pelleted by centrifugation (13000 × g, 4 °C, 30
min) followed by buffer exchange of supernatant to buffer B (20 mM
HEPES, 150 mM NaCl, 0.1% (v/v) Triton X-100, phosphatase
inhibitor cocktail II (EMD)) via BioRad 10DG column. Protein
concentrations were determined by the DC Protein Assay (BioRad). A
0.5 mL portion of lysate at a total concentration of 3 mg mL−1 was
incubated in the presence of 5 μM ATP- or ADP-acyl phosphate probe
for 10 min at 25 °C. Proteins were denatured by addition of 0.5 mL of
12 M urea, reduced with DTT (10 mM), and then reacted with 40
mM iodoacetamide to block cysteine thiols. Following size exclusion
chromatography to remove excess reagents, the reactions were
digested with trypsin. Probe-labeled peptides were captured with
streptavidin-agarose beads (Pierce), washed, and eluted in a 50%
acetonitrile/water mixture with 0.1% TFA.

Mass Spectrometry Analysis. Samples were analyzed by LC−MS/
MS on Finnigan LCQ Deca XP ion trap mass spectrometers as
described previously.48,49 Data were searched using the Sequest
algorithm with searching and scoring modifications described
previously.48,49 A modification mass of 196.2 Da was used as a
variable modification on lysine for search purposes. Two samples for
each experimental condition were labeled and analyzed. Observed fold
changes greater than ±1.5 relative to the conditioned medium were
considered significant if they were at least 2 times greater than the
standard deviation of the 4 possible comparisons to be made
(conditioned medium sample 1 vs DV2 sample 1, conditioned
medium sample 2 vs DV2 sample 1, conditioned medium sample 1 vs
DV2 sample 2, and conditioned medium sample 2 vs DV2 sample 2).
The profiling experiments were performed a total of four times with 2
replicates of each experimental condition per profiling experiment. To
confirm increased probe-labeling, labeling reactions were processed
using the Pierce Kinase Enrichment Kit (Thermo Scientific) according
to the manufacturer’s instructions prior to analysis of the labeled
products by Western blot.

Ku70/80 Western Blot. Cells were lysed in RIPA buffer (Boston
Bioproducts) supplemented with protease inhibitors (Roche). Lysates
were separated by SDS-PAGE and then transferred to nitrocellulose
membrane. Membranes were blocked and then stained using primary
antibodies against Ku80 and Ku70 as described in Supporting
Information Materials and Methods.

DNA-PK Activity Assay. Following preparation of nuclear
extracts,50 a commercial DNA-PK activity assay (Promega) was
performed following the manufacturer’s instructions and quantified
using a storage phosphor imaging system (Typhoon and Image Quant
TL).

VLP Production and Purification. The plasmid encoding a
mammalian codon-optimized DV2 prM-E expression cassette was
generously provided by S. Harrison. VLPs were prepared in HEK293T
cells and purified as previously described.47

Immunofluorescence Confocal Microscopy. Cells were fixed,
blocked in 1% (w/v) BSA/PBS, and then stained using primary
antibodies against Ku70 (Abcam), Ku80 (Cell Signaling Technology),
DNA-PKcs (Abcam), or nucleolin (Sigma) and the appropriate anti-
mouse IgG1-FITC (Life Technologies), anti-rabbit Texas Red
(Jackson Immunoresearch), anti-rabbit Alexa Fluor 647 (Life
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Technologies), and anti-mouse IgG1-FITC, respectively. Images were
acquired using a QuantEM (Photometrics) cooled charge-coupled
device as part of a CSU-X1 spinning disk confocal system (Yokogawa
Electric Corporation). Initial data capture was performed using
Slidebook software (Intelligent Imaging Innovations). Further
processing was performed using Metamorph (Molecular Devices).
Each figure represents a single plane from the Z-stack.
In Vitro Transcription and Transfection of DV2 RNAs. cDNAs

encoding the 5′UTR, 3′UTR, and stem loop A RNAs were PCR-
amplified from pRS-DEN2, which contains the complete DV2 New
Guinea C genome using primers that contained the T7 promoter
sequence. cDNA encoding stem loop B was produced by annealing of
synthetic DNA oligos. In vitro transcription reactions were performed
with Ampliscribe T7 (Cellscript), and RNA transfections using
Lipofectamine (Invitrogen) were performed using 3 μg of the
appropriate RNA following the manufacturers’ instructions.
RNAi Analysis. Huh7 cells were reverse transfected with MISSION

siRNA pools and infected with DV2 (MOI 1) at 48 h post-
transfection. For promoter assays, cells were transfected with a plasmid
encoding firefly luciferase under the control of the interferon-β or
ISRE promoters along with plasmid pRL-CMV encoding renilla
luciferase as a transfection control at 24 h post-siRNA transfection
followed by infection with DV2 24 h later. At 24 h post-infection, the
yield of infectious DV2 in culture supernatants was measured by FFA.
GAPDH and IFN-β RNA were quantified by qRT-PCR assay using
the iQ SYBR Green Supermix (Biorad) and primers specific for IFN-β
and GAPDH, and dual luciferase assays were performed using a
commercially available kit (Promega).
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