
Li et al., Sci. Adv. 2019; 5 : eaaw7373     9 October 2019

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

1 of 15

B I O C H E M I S T R Y

Antiviral activity of a purine synthesis enzyme  
reveals a key role of deamidation in regulating  
protein nuclear import
Junhua Li1*, Jun Zhao1, Simin Xu1, Shu Zhang1, Junjie Zhang1, Jun Xiao1,2, Ruoyun Gao1, 
Mao Tian1, Yi Zeng1,3, Katie Lee1, Vera Tarakanova4, Ke Lan5, Hao Feng2, Pinghui Feng1,5†

Protein nuclear translocation is highly regulated and crucial for diverse biological processes. However, our under-
standing concerning protein nuclear import is incomplete. Here we report that a cellular purine synthesis enzyme 
inhibits protein nuclear import via deamidation. Employing human Kaposi’s sarcoma-associated herpesvirus 
(KSHV) to probe the role of protein deamidation, we identified a purine synthesis enzyme, phosphoribosylformyl-
glycinamidine synthetase (PFAS) that inhibits KSHV transcriptional activation. PFAS deamidates the replication 
transactivator (RTA), a transcription factor crucial for KSHV lytic replication. Mechanistically, deamidation of two 
asparagines flanking a positively charged nuclear localization signal impaired the binding of RTA to an importin 
β subunit, thus diminishing RTA nuclear localization and transcriptional activation. Finally, RTA proteins of all 
gamma herpesviruses appear to be regulated by PFAS-mediated deamidation. These findings uncover an 
unexpected function of a metabolic enzyme in restricting viral replication and a key role of deamidation in regulating 
protein nuclear import.

INTRODUCTION
Functional output of proteins is primarily regulated by a diverse 
array of posttranslational modifications, such as phosphorylation, 
ubiquitination, sumoylation, ISGylation, acetylation, methylation, 
and deamidation (1–4). Although reported more than half a century 
ago (5), protein deamidation has been largely regarded as a side 
effect of protein “aging” or functional decay (6). Thus, our under-
standing of protein deamidation is rudimentary at best. Recent 
studies in microbial infection implicate protein deamidation in reg-
ulating host antimicrobial immune responses (7–10). However, the 
degree to which protein deamidation regulates fundamental biological 
processes remains unclear.

Herpesviruses are ubiquitous pathogens in humans. They cause 
substantial morbidity and mortality worldwide, particularly in im-
munocompromised individuals. Kaposi’s sarcoma–associated her-
pesvirus (KSHV) is closely related to Epstein-Barr virus (EBV) and 
induces KS and two rare B cell lymphomas (11–14). Herpesviruses 
have evolved elaborate mechanisms to manipulate cellular pathways 
and establish lifelong persistence within the host, thus offering a 
robust system to investigate the regulatory mechanism governing 
fundamental biological processes. We used herpesvirus infection as 
a model system to probe the role of protein deamidation in virus-
host interaction.

Our previous study has shown that gamma herpesviruses deploy 
viral glutamine amidotransferase (vGAT) pseudoenzymes that recruit 

cellular phosphoribosylformyl-glycinamidine synthetase (PFAS) to 
deamidate the RIG-I receptor and block antiviral cytokine production 
(9). PFAS belongs to the GAT family that catalyzes the synthesis of 
nucleotides, amino acids, glycoproteins, and an enzyme cofactor 
nicotinamide adenine dinucleotide (NAD) (15, 16). These enzymes 
contain a signature GAT domain that removes an ammonia group 
from glutamine and a second catalytic domain that uses ammonia to 
synthesize the intermediate or final product of the aforementioned 
anabolic pathways. Our study thus implies that cellular GATs, e.g., 
PFAS, have intrinsic enzymatic activity to deamidate proteins and 
regulate signal transduction underlying key biological processes, 
such as antiviral responses.

RESULTS
Cellular PFAS antagonizes KSHV lytic gene expression
To probe the role of protein deamidation, we carried out a focused 
screen in which cellular GATs were depleted with short hairpin 
RNA (shRNA) and KSHV lytic replication was examined. KSHV 
establishes latent infection by default after de novo infection of 
most cells. Lytic replication of KSHV can be reactivated from la-
tently infected cells by expressing the replication transactivator (RTA) 
(17). To facilitate KSHV lytic replication, we used rKSHV.219 that 
expresses green fluorescent protein (GFP) during latent infection, 
whereas GFP and red fluorescent protein (RFP) are expressed 
during lytic replication (18, 19). In addition, an inducible 293T cell 
line that expresses RTA under the control of a doxycycline-responsive 
promoter (fig. S1A) was established to promote KSHV lytic replica-
tion after de novo infection.

The human genome encodes 12 GATs that constitute the putative 
protein deamidase family. We depleted individual GAT with shRNA 
in 293T/RTA cells, and KSHV lytic replication was scored by RFP 
expression (fig. S1A). This focused screen identified five GATs 
whose knockdown increased KSHV lytic replication (Fig. 1, A and B, 
and fig. S1B). All five GATs, including PFAS, carbamoyl-phosphate 
synthetase 2/aspartate transcarbomylase/dihydroorotase (CAD), 
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phosphoribosyl pyrophosphate amidotransferase (PPAT), and cyt-
idine triphosphate (CTP) synthetase 1 (CTPS1) and 2 (CTPS2), 
catalyze nucleotide synthesis. The knockdown efficiency was validated 
by real-time polymerase chain reaction (RT-PCR) and immuno-
blotting analyses (fig. S1, C and D). To alleviate any unintended 
consequence of GAT depletion, we added the end product of the 
pathway that each GAT catalyzes (e.g., hypoxanthine for PFAS-
depleted cells). GAT depletion did not significantly impair cell sur-
vival (fig. S2A). These results show that cellular GATs can inhibit 
KSHV lytic replication, likely independent of their enzymatic activity 
in nucleotide synthesis.

Given that RFP in the rKSHV.219 genome is expressed under 
the control of the RTA-responsive promoter of PAN (19), we sur-
mised that GATs may inhibit RTA-mediated transcriptional activa-
tion. Reporter assays indicated that PFAS, but not the other four 
GATs, inhibited the transcription of promoters of PAN and ORF57 in 
a dose-dependent manner (Fig. 1C and fig. S2B). This result sug-
gests that the other four GATs likely target key processes of KSHV 
lytic replication other than RTA-mediated transcription. Conversely, 
knockdown of PFAS increased the transcription of the PAN pro-
moter (Fig. 1D). To further characterize the role of PFAS in KSHV 
infection, we examined KSHV lytic replication, including gene and 
protein expression, DNA replication, and extracellular infectious 
virion production upon PFAS depletion. RT-PCR analysis indicated 
that PFAS knockdown increased the mRNA levels of KSHV lytic 
genes, including K8 and PAN (immediately early/early), thymidine 
kinase (TK; early), and vGAT (late), by a factor of 3 to 5 (Fig. 1E and 
fig. S2C). Furthermore, PFAS depletion increased RFP expression 
of rKSHV.219 in iSLK cells (fig. S2D). Immunoblotting analysis val-
idated the elevated levels of viral lytic proteins, including RTA, K3, 
TK, and vGAT, upon PFAS depletion (Fig. 1F). Last, elevated viral 
lytic gene expression correlated with a nearly fivefold increase in 
viral genome copy and extracellular infectious virion particles 
(Fig. 1, G and H). Human oral keratinocytes (HOKs) were reported 
to support KSHV lytic replication (20, 21); thus, we examined 
KSHV lytic replication in HOK cells. PFAS depletion also augmented 
KSHV lytic replication in HOK cells, as assessed by RFP expression 
(fig. S2, E and F). Collectively, these results showed that PFAS de-
pletion increased KSHV lytic gene expression and productive infec-
tion, indicating the antiviral activity of PFAS in KSHV infection.

PFAS interacts with and deamidates RTA
PFAS is an enzyme, so we first determined whether the enzymatic 
activity is required for PFAS to inhibit RTA-dependent transcrip-
tional activation using the enzyme (GAT)–deficient PFAS-ED mu-
tant as we previously described (9). While PFAS wild type inhibited 
the RTA-mediated transcription of PAN and ORF57 promoters in 
a dose-dependent manner, the PFAS-ED mutant slightly increased 
the transcription of these promoters (fig. S3, A and B). We thus 
hypothesized that PFAS deamidates RTA to inhibit RTA-dependent 
transcriptional activation. To test this hypothesis, we probed the in-
teraction between PFAS and RTA by coimmunoprecipitation. We 
found that endogenous PFAS co-precipitated with RTA in lysates of 
iSLK/rKSHV.219 cells in which KSHV lytic replication was induced 
(Fig. 2A). Moreover, an interaction between endogenous PFAS and 
exogenously expressed RTA was readily detected in transfected 
293T cells, and KSHV infection further increased the levels of pre-
cipitated RTA and PFAS (Fig. 2B), likely due to increased RTA 
expression upon KSHV infection. These results indicate that RTA 

interacts with PFAS in transfected cells and in cells with KSHV lytic 
replication. Next, we depleted PFAS or overexpressed the PFAS-ED 
mutant and monitored RTA charge status by two-dimensional gel 
electrophoresis. Knockdown of PFAS and overexpression of the 
PFAS-ED mutant shifted RTA toward the negative pole (Fig. 2, C and D), 
indicating the reduced negative charge of RTA due to the inhibition 
of RTA deamidation. PFAS-ED expression had no effect on the 
charge status of -actin (Fig. 2E). Collectively, these findings support 
the conclusion that endogenous PFAS promotes RTA deamidation 
in cells.

To identify the site(s) of deamidation, we purified RTA from 
transfected 293T cells without or with the expression of PFAS-ED 
and analyzed RTA by tandem mass spectrometry (MS) (fig. S3C). 
Comparative MS analysis identified two peptides containing deam-
idated residues of N37 and N225, which were specifically inhibited 
by the PFAS-ED mutant (Fig. 2F and fig. S3D). To validate the de-
amidation sites, we generated RTA containing N37D and N225D 
mutations, designated RTA-DD. PFAS-ED expression did not shift 
the deamidated RTA-DD mutant (fig. S3E), indicating that there 
are no other deamidation sites. Last, to test whether PFAS is suffi-
cient to deamidate RTA, we purified glutathione S-transferase 
(GST)–RTA(N) from bacteria and PFAS or PFAS-ED from trans-
fected 293T cells to high homogeneity (Fig. 2G) and performed an 
in vitro deamidation assay. Two-dimensional gel electrophoresis 
showed that PFAS, but not PFAS-ED, shifted RTA-N to the exact 
position of RTA-N-DD (Fig. 2H). Moreover, PFAS did not further 
shift RTA-N-DD. Together, these results indicate that PFAS is a 
bona fide deamidase of RTA.

Deamidation impairs RTA-mediated  
transcriptional activation
RTA-mediated transcriptional activation is necessary and sufficient 
for KSHV lytic replication. We used deamidated RTA mutants to 
determine how deamidation affects RTA-mediated transcription. 
Reporter assays showed that RTA-N37D (RTA-D37) and RTA-
N225D (RTA-D225) were greatly impaired, and RTA-DD com-
pletely failed to activate the PAN promoter (Fig. 3A). A similar 
pattern of RTA-dependent transcription of the ORF57 promoter 
was observed for deamidated RTA mutants, albeit to a less extent 
(fig. S4A). These RTA deamidation mutants were expressed to 
levels comparable to RTA wild type (RTA-WT) in transfected 293T cells 
(fig. S4B). To investigate the effect of deamidation on KSHV lytic 
replication, we introduced D37 and D225 into the inducible bacterial 
artificial chromosome (iBAC) of KSHV in which the expression of 
RTA in the KSHV genome is driven by a doxycycline-inducible 
promoter (22). Unexpectedly, we repeatedly failed to obtain an SLK 
stable cell line that carries the KSHV iBAC with DD mutations in 
RTA, although SLK stable cells carrying KSHV iBAC with RTA-WT 
were readily obtained. Thus, we addressed this barrier with two al-
ternatives. First, we established SLK stable cell lines that express 
RTA-WT or RTA-DD under the control of a doxycycline-inducible 
promoter. These stable cell lines were then infected with rKSHV.219. 
When RTA was induced with doxycycline, we examined the pro-
ductive infection of KSHV by lytic gene and protein expression, DNA 
replication, and extracellular infectious virion. Although RTA-DD 
was expressed higher than RTA-WT with the same amount of dox-
ycycline (fig. S4C), lytic replication of rKSHV.219 in SLK/RTA-DD 
cells was much lower than that in SLK/RTA-WT cells, as indicated by 
RFP expression (fig. S4D). RT-PCR analysis indicated that the expression 
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Fig. 1. Cellular PFAS negatively regulates RTA-dependent transcriptional activation. (A) 293T/RTA cells were infected with lentivirus carrying control (CTL) shRNA or 
shRNA targeting indicated GAT. At 48 hours after infection, cells were infected with rKSHV.219 and induced with doxycycline for RTA expression. Representative RFP+ and 
GFP+ cells of the screen were recorded at 24 hours after KSHV infection. Scale bars, 5 m. (B) RFP+ cells from (A) were quantified at 48 hours after infection by counting 
five randomly selected areas. The results are shown as the mean ± SD of three independent experiments in duplicate. n = 3. (C) 293T cells were transfected with plasmids 
containing RTA or the indicated GAT, and a reporter plasmid cocktail. RTA-mediated transcriptional activation of the PAN promoter was determined by luciferase activity 
at 30 hours after transfection. (D) 293T cells were infected with lentivirus carrying control shRNA (CTL) or shRNA against PFAS and selected with puromycin. Stable 293T cells 
were transfected with a plasmid containing RTA and a reporter plasmid cocktail. RTA-mediated transcriptional activation of the PAN promoter was determined by luciferase 
assay at 24 hours after transfection. For (C) and (D), the data are shown as the median ± SD of three independent experiments in duplicate (n = 3). **P < 0.01 and ***P < 0.001, 
unpaired two-tailed Student’s t test. (E to H) iSLK/rKSHV.219 cells were infected with lentivirus containing control (CTL) shRNA or shRNA against PFAS. Cells were in-
duced with doxycycline (1.0 g/ml) for the indicated times. When cells were harvested, total RNA was extracted for reverse transcription and RT-PCR analysis with primers 
specific for TK (or ORF21) and vGAT (or ORF75) (E), whole-cell lysates (WCLs) were analyzed by immunoblotting with antibodies against indicated viral and cellular pro-
teins (F), viral genome copies were quantified by RT-PCR (G), and viral titer in the medium was determined by flow cytometry analysis of a KSHV-infected 293T monolayer 
(H). For (E) to (H), the data represent three independent experiments (n = 3). For (E), (G), and (H), the results are shown as the median ± SD of three independent experi-
ments. PFU, plaque-forming units.
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of PAN, ORF57, and ORF59 in SLK/RTA-DD cells was one to two 
orders of magnitude lower than that in SLK/RTA-WT cells (fig. S4E). 
Moreover, viral genome copy number and extracellular infectious 
virion of SLK/RTA-DD cells were three- to fivefold lower than 

those of SLK/RTA-WT cells (fig. S4, F and G). These phenotypes 
of RTA-DD may have been underestimated, considering that 
RTA-WT expressed from the KSHV genome can compensate the 
loss of function of RTA-DD. Nevertheless, these results show that 

Fig. 2. PFAS deamidates RTA. (A and B) iSLK/rKSHV.219 cells were induced with doxycycline (1 g/ml) and sodium butyrate (1 mM) for 48 hours (A). 293T cells were 
transfected with indicated plasmids for 24 hours and then either mock-infected or infected with KSHV (multiplicity of infection = 5) for 24 hours (B). WCLs were prepared, 
and immunoprecipitation was performed. Precipitated proteins and WCLs were analyzed by immunoblotting with indicated antibodies. (C to E) Stable 293T cells with 
control lentivirus (CTL) or lentivirus encoding shRNA against PFAS were transfected with a plasmid containing RTA (C). 293T cells were transfected with a plasmid containing 
RTA without or with a plasmid containing the PFAS-ED mutant. WCLs were prepared at 30 hours after transfection and analyzed by two-dimensional gel electrophoresis 
and immunoblotting with indicated antibodies (D and E). (F) RTA was purified from transfected 293T cells without or with PFAS-ED and analyzed by tandem MS. The 
mass/charge ratio (m/z) spectrum of the peptide containing D37 was shown with the deamidated D residue highlighted in red. (G and H) GST-RTA(N) and PFAS or PFAS-ED 
were purified from bacteria and 293T cells, respectively, and analyzed by silver staining (G). BSA, bovine serum albumin. In vitro deamidation was analyzed by two-dimensional 
gel electrophoresis and immunoblotting (H). All data present three independent experiments (n = 3).
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Fig. 3. Deamidation reduces RTA-mediated transcriptional activation. (A) 293T cells were transfected with a reporter plasmid cocktail and increasing amount of the 
plasmid containing RTA, RTA-D37, RTA-D225, or RTA-D37,225 (RTA-DD). RTA-dependent transcriptional activation of the PAN promoter was determined by luciferase 
assay at 30 hours after transfection. (B) 293T cells were transfected with a reporter plasmid cocktail; plasmids containing RTA-WT (WT), RTA-Q37 (Q37), or RTA-DD (DD); 
and increasing amount of a plasmid containing PFAS. RTA-dependent transcriptional activation of the PAN promoter was determined by luciferase assays. For (A) and (B), 
the results are shown as the median ± SD of three independent experiments with duplicate (n = 3). (C) 293T cells were transfected with plasmids containing indicated 
genes. WCLs were analyzed by two-dimensional gel electrophoresis and immunoblotting with antibodies against RTA or FLAG (PFAS-ED). The results represent three 
independent experiments (n = 3). (D to G) SLK/iBAC.RTA-WT or SLK/iBAC.RTA-Q37 cells were induced with doxycycline (1.0 g/ml) for the indicated times. Cells were 
harvested and subjected to analyses by RT-PCR with primers specific for K8, TK, and vGAT (D); viral protein expression by immunoblotting (E); viral genome replication by 
RT-PCR (F); and viral titer in the medium by flow cytometry analysis of an infected 293T monolayer (G). For (D), (F), and (G), the results are shown as the median ± SD of 
three independent experiments (n = 3). For (E), the results represent three independent experiments (n = 3).
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RTA-DD displays reduced transcriptional activation in KSHV lytic 
replication.

The second approach entails a gain-of-function mutant of RTA 
that is resistant to the PFAS-mediated deamidation. We have shown 
that N to Q mutations renders RIG-I resistant to UL37-mediated 
deamidation (10). We therefore tested whether N37Q (Q37) and 
N225Q (Q225) mutations in RTA resisted PFAS-mediated deami-
dation. Reporter assays indicated that RTA-Q37 was more potent 
than RTA-WT in activating the PAN promoter (fig. S5A). However, 
the RTA mutant containing both Q37 and Q225 was not as potent 
as RTA-WT, suggesting that the Q225 mutation negatively affects the 
transcriptional activation of RTA (fig. S5A). Furthermore, RTA-Q37, 
but not RTA-WT, was resistant to PFAS-mediated inhibition when 
RTA-dependent transcription was analyzed by reporter assays 
(Fig. 3B). Two-dimensional gel electrophoresis further confirmed 
that RTA-Q37 migrated farther toward the negative pole com-
pared to RTA-WT and its migration was not shifted by the ex-
pression of PFAS-ED (Fig. 3C). Coimmunoprecipitation analysis 
indicated that RTA-Q37 demonstrated reduced interaction with 
PFAS compared to RTA-WT (fig. S5B), suggesting that N37 is cru-
cial for PFAS-mediated deamidation of RTA. These results collec-
tively show that RTA-Q37 is resistant to PFAS-mediated deamidation 
and inhibition, suggesting that N37 deamidation is required for N225 
deamidation. If N37 deamidation is a prerequisite for N225 deami-
dation, this characteristic is reminiscent of the progressive phos-
phorylation of nuclear factor of activated T-cells (NFAT) primed 
by protein kinase A (PKA) (23). Nevertheless, we introduced the 
RTA-Q37 mutation into the KSHV iBAC genome. SLK cells car-
rying KSHV iBAC with RTA-WT or RTA-Q37 were established. 
Upon induction with doxycycline, the expression of KSHV lytic 
genes, including K8, TK, PAN, and vGAT, was ~10- to 20-fold 
higher in SLK/iBAC.RTA-Q37 cells than in SLK/iBAC.RTA-WT 
cells (Fig. 3D and fig. S5C). The elevated gene expression activated by 
RTA-Q37 was further supported by viral protein expression (Fig. 3E). 
Viral genome copy and extracellular infectious virion were increased 
by a factor of 3 to 6 at later time points, e.g., 36 to 96 hours after 
induction (Fig. 3, F and G). The increased lytic replication of iBAC.
RTA-Q37, compared to that of iBAC.RTA-WT, was observed in 
HOK cells (fig. S5, D and E). Collectively, these results show that 
RTA-Q37 is resistant to PFAS-mediated deamidation and more 
potently induces KSHV lytic replication than RTA-WT does.

Deamidation impedes RTA nuclear localization
To understand how deamidation impairs RTA-mediated transcrip-
tional activation, we modeled the RTA protein structure and found 
that N37 and N225 locate on the surface and flank a nuclear local-
ization signal (NLS) (Fig. 4A). RTA primarily localizes in the nucleus 
through a bipartite NLS enriched with positively charged arginines 
and lysines. Conceivably, deamidation of N37 and N225 reduces the 
overall charge of the RTA NLS, thereby impeding the nuclear trans-
location of RTA. RTA-WT concentrated in the nucleus of iSLK stable 
cells, while RTA-DD was largely diffused in the cytoplasm (Fig. 4B). 
Semiquantitative analysis showed that RTA-WT was primarily 
nuclear in ~70% cells, while RTA-DD was detected in the nuclei of 
~20% cells (Fig. 4C). Fractionation to separate the nuclei from the 
cytoplasm further demonstrated that ~20% of RTA-DD localized 
in the nucleus, compared to ~65% of RTA-WT in the nucleus 
(Fig. 4D). These results indicate that deamidation impairs RTA nu-
clear translocation, a process imperative for transcriptional activation.

To determine whether RTA deamidation controls its nuclear 
translocation during KSHV lytic replication, we probed RTA nuclear 
localization and deamidation in reactivated SLK cells after fraction-
ation. Fractionation analysis indicated that RTA-WT was exclusively 
nuclear at 24 hours after induction, while it was primarily cytoplas-
mic at 72 hours after induction. In stark contrast, ~90% of RTA-Q37 
demonstrated nuclear localization at 24 and 72 hours after induc-
tion (Fig. 4E). Immunofluorescence microscopy showed that the 
nuclear localization of RTA-WT at 24 hours after induction transi-
tioned to primarily cytoplasmic at 72 hours after induction, while 
RTA-Q37 remained mostly nuclear at 24 and 72 hours after induction 
(Fig. 4F). We next examined RTA deamidation by two-dimensional 
gel electrophoresis. In SLK/iBAC.RTA-WT cells, RTA was shifted 
more toward the positive pole at 72 hours after induction than at 
24 hours after induction (fig. S5F). However, RTA-Q37 traveled 
nearly the same distance at 24 and 72 hours after induction. We 
observed a species of RTA-Q37 that migrated to the position of the 
deamidated RTA-WT, which may be due to other posttranslational 
modifications such as phosphorylation or acetylation. Nevertheless, 
these data show that RTA deamidation regulates its nuclear translo-
cation during KSHV lytic replication.

Deamidation impairs RTA interaction with importin
One of the best-defined mechanisms of protein nuclear import is 
mediated by the importin complex, which recognizes diverse NLSs 
and shuttles NLS-containing cargo molecules into the nucleus (24, 25). 
The importin complex consists of heterodimeric  and  subunits. 
For a subset of cargo molecules, the  subunit can directly bind to 
the cargo and the  subunit is dispensable (26, 27). Thus, we estab-
lished stable cell lines that express distinct importin  and  subunits 
and probed the RTA and importin subunit interaction using coim-
munoprecipitation. RTA was readily detected in protein complexes 
that were precipitated with importin 1 and 2, but not importin 
1, 3, and 7 that represent three distinct clades (Fig. 5A) (28). 
Conversely, importin 1 and 2, but not 1, were precipitated with 
RTA (fig. S6A). To test whether importin  is dispensable for RTA 
interaction, we assessed a direct interaction between RTA and 
importin 1 using purified proteins. A GST pulldown assay showed 
that the GST–importin 1, but not GST alone, interacted with RTA 
in vitro, indicating that RTA directly interacts with importin 1 
(Fig. 5B). Previous studies have identified the bimax2 peptide that 
effectively inhibited importin –mediated nuclear translocation (29). 
We determined whether RTA is sensitive to the bimax2 peptide. As 
shown in Fig. 5C, the expression of an enhanced green fluorescent 
protein (EGFP)–bimax2 fusion had no apparent effect on the nuclear 
localization of RTA. This result is further supported by subcellular 
fractionation (fig. S6B). To determine the effect of protein deamida-
tion on the interaction between RTA and importin , we performed 
GST pulldown assay using RTA-WT and RTA-DD. This experiment 
demonstrated that deamidation severely impaired the RTA–importin 
 interaction (Fig. 5D). Moreover, RTA-WT, but not RTA-DD, was 
precipitated with importin 1 (Fig. 5E). The observation that RTA 
binds to both importin 1 and 2 subunit suggests that RTA can 
translocate into the nucleus via multiple pathways. We tested this 
hypothesis with the M9M peptide that was shown to inhibit the 
importin 2–mediated nuclear import (30). Both subcellular 
fractionation and fluorescence microscopy analysis demonstrated 
that the M9M peptide partly impeded RTA nuclear localization (fig. 
S6, C and D), supporting the role of importin 2 in RTA nuclear 
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Fig. 4. Deamidation impedes RTA nuclear translocation. (A) A pdb file of RTA was modeled using the I-TASSER server from Zhang laboratory (see Methods for detail). 
Visualization of three-dimensional models of RTA was realized with PyMOL software. N37 and N225 (in green) locate on the surface and flank an NLS (in blue) that is en-
riched with arginine and lysine residues. (B and C) iSLK cells stably expressing RTA-WT or RTA-DD were analyzed by immunofluorescence microscopy. Representative 
images were shown. Scale bars, 5 m (B). Cells with predominant nuclear RTA staining were counted (C). The results are shown as the median ± SD of three independent 
experiments (n = 3). (D) iSLK stable cell lines as described in (B) were harvested. WCLs were prepared and subjected to sequential centrifugation to obtain cytosolic (C) 
and nuclear (N) fractions. WCLs, cytosolic fractions, and nuclear fractions were analyzed by immunoblotting with indicated antibodies. (E) SLK/iBAC.RTA-WT (left) or SLK/
iBAC.RTA-Q37 (right) cells were induced with doxycycline (1 g/ml) and sodium butyrate (1 mM) for 24 or 72 hours. Cells were harvested at the indicated times and sub-
jected to subcellular fractionation analysis by sequential centrifugation to obtain cytosolic (C) and nuclear (N) fractions that were analyzed by immunoblotting with indi-
cated antibodies. (F) Lytic reactivated SLK/iBAC.RTA-WT or SLK/iBAC.RTA-Q37 cells were fixed at 24 or 72 hours after induction and analyzed by confocal microscopy. 
Representative images were shown. Scale bars, 20 m. The results shown in (D) to (F) represent three independent experiments (n = 3).
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Fig. 5. Deamidation impairs RTA binding to importin. (A) 293T cells were transfected with plasmids containing FLAG-tagged RTA-WT and the indicated V5-tagged 
importins. WCLs were incubated with anti-V5 antibody. The precipitated proteins and WCLs were analyzed by immunoblotting with indicated antibodies. (B) Glutathione 
agarose loaded with GST or recombinant GST–importin 1 was incubated with purified RTA. Precipitated proteins and RTA (input) were analyzed by immunoblotting with 
anti-RTA antibody, while GST and GST–importin 1 were analyzed by Coomassie staining (bottom). (C) SLK/iBAC.RTA-WT cells were induced with doxycycline (1 g/ml) 
for 24 hours and then transfected with a plasmid containing EGFP-bimax2 for 24 hours. Cells were analyzed by immunofluorescence staining and microscopy. (D) Glutathione 
agarose loaded with GST fusions containing either importin 1 (imp-1) or 2 (imp-2) was incubated with WCLs containing RTA-WT (WT) or RTA-DD (DD). Precipitated 
proteins and WCLs (Input) were analyzed by immunoblotting with anti-RTA antibody (right). GST–importin 1 and GST–importin 2 were analyzed by Coomassie staining. 
(E) 293T cells were transfected with plasmids containing RTA-WT (WT) or RTA-DD (DD) mutant. WCLs were prepared and precipitated with control immunoglobulin G 
(IgG) or antibody against importin 1 (Imp-1). Precipitated proteins and WCLs were analyzed by immunoblotting with indicated antibodies. (F) iSLK/rKSHV.219 cells were 
induced with doxycycline (0.5 g/ml) and sodium butyrate (1 mM) for the indicated times. Immunoprecipitation and immunoblotting were performed as described in (E). 
(G) iSLK/rKSHV.219 cells were transduced with control lentivirus (CTL) or lentivirus encoding shRNA against PFAS, followed by doxycycline and sodium butyrate induction 
for 72 hours. Cells were harvested for cellular fractionation to obtain cytosolic (C) and nuclear (N) fractions that, along with WCLs, were analyzed by immunoblotting with 
indicated antibodies. The results shown in (A), (B), and (D) to (G) represent three independent experiments (n = 3).
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translocation. Consistent with RTA deamidation during late stages 
of KSHV lytic replication, RTA was precipitated with importin 1 
at 48 hours after induction but was not precipitated at 72 hours after 
induction (Fig. 5F). Depletion of PFAS increased RTA nuclear 

accumulation during KSHV lytic replication (Fig. 5G). These re-
sults demonstrate that RTA is delivered to the nucleus by importin 
 subunits and deamidation impairs RTA binding to importin , 
thereby impeding RTA nuclear translocation.

Fig. 6. PFAS-mediated deamidation regulates the nuclear import of RTA proteins of gamma herpesviruses. (A) Alignment of RTA proteins of KSHV, RRV, EBV, HVS, 
and MHV68 shows the bipartite NLS and the two deamidation sites corresponding to N37 and N225 of KSHV RTA. (B) 293T stable cells carrying control shRNA or PFAS 
shRNA were transfected with a plasmid containing RRV RTA (rRTA), EBV RTA (eRTA), HVS RTA (hRTA), or MHV68 RTA (mRTA). WCLs were prepared at 30 hours after trans-
fection and analyzed by two-dimensional gel electrophoresis and immunoblotted for RTA (left). WCLs were analyzed by immunoblotting with antibodies against PFAS 
and RTA (right). (C) 293T cells transfected with plasmids containing rRTA, eRTA, hRTA, or mRTA. WCLs were precipitated with a control IgG or antibody against importin 
1. Precipitated proteins and WCLs were analyzed by immunoblotting with indicated antibodies. (D) Glutathione agarose loaded with GST or GST–importin 1 (GST–imp 
1) were incubated with WCLs prepared from 293T cells transfected with a plasmid containing eRTA, hRTA, or mRTA, without or with a plasmid containing PFAS-ED. Pre-
cipitated proteins and WCLs were analyzed by immunoblotting with indicated antibodies. (E) 293T cells were transfected with wild type (WT) or the deamidated mutant 
(DD/D) of rRTA, hRTA, or eRTA. Sites of N>D mutations were highlighted in (A). Nuclear (N) and cytosolic (C) fractions were obtained by sequential centrifugation and 
analyzed by immunoblotting with indicated antibodies. WCLs were analyzed for the expression of RTA wild type and the DD/D mutant (right panels). The results shown 
in (B) to (E) represent three independent experiments (n = 3).
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PFAS-mediated deamidation regulates the nuclear import 
of gamma herpesvirus RTA proteins
RTA is shared among gamma herpesviruses, including human EBV 
and KSHV, nonhuman primate rhesus rhadinovirus (RRV) and 
herpesvirus saimiri (HVS), and murine gamma herpesvirus 68 
(MHV68) (17, 31–33). We postulated that all RTA proteins are tar-
geted by cellular PFAS and protein deamidation. Sequence alignment 
revealed that RRV RTA (rRTA) contained N residues at positions 
equivalent to N37 and N225 of KSHV RTA (kRTA), while RTA 
proteins of EBV (eRTA), HVS (hRTA), and MHV68 (mRTA) only 
had a single N residue corresponding to N37 of kRTA (Fig. 6A). 
Furthermore, a bipartite NLS was identified in rRTA, eRTA, and 
hRTA, whereas mRTA contained an NLS equivalent to that of kRTA 
proximal to the N225 site (Fig. 6A). We first determined whether 
PFAS knockdown and PFAS-ED overexpression inhibited the de-
amidation of these RTA proteins. Two-dimensional gel electrophoresis 
indicated that PFAS depletion shifted all RTA proteins toward the 
negative pole (Fig. 6B), indicative of inhibition of the PFAS-mediated 
deamidation. Among these RTA proteins, rRTA had the most sig-
nificant shift, while eRTA had the least shift upon PFAS depletion. 
A similar effect of PFAS-ED on the charge status of all RTA proteins 
was observed (fig. S7A). To exclude a nonspecific effect, we exam-
ined the effect of the GAT-deficient mutant of CAD (CAD-C/S) on 
RTA charge status. The CAD-C/S mutant did not alter the charge of 
kRTA, eRTA, and mRTA, while it slightly shifted rRTA toward the 
negative pole (fig. S7B), supporting the specificity of PFAS-mediated 
deamidation of RTA proteins. To test whether gamma herpesvirus 
RTA proteins are cargoes of the importin complex, we precipitated 
importin 1 from lysates of 293T cells expressing gamma herpesvirus 
RTAs and found that all RTA proteins were readily detected in pro-
tein complexes precipitated by importin 1 (Fig. 6C). Furthermore, 
PFAS-ED overexpression increased the interaction of importin 1 
with eRTA, hRTA, and mRTA (Fig. 6D). Thus, PFAS-ED inhibits 
deamidation and promotes the importin binding of RTA proteins. 
To assess the effect of deamidation on RTA nuclear translocation, 
we generated deamidated mutants of rRTA (N39, 227D; DD), hRTA 
(N39D), and eRTA (N31D) and probed the nuclear and cytosolic 
fractions of these RTA mutants. These deamidated RTA mutants 
demonstrated increased cytosolic localization compared to their 
wild-type counterparts, with deamidated rRTA being the most 
prominently increased (Fig. 6E). These results collectively show that 
RTA interacts with importin  via a positively charged NLS. Deamidation 
of residues flanking this NLS sequence impairs RTA interaction 
with importin , thereby reducing its nuclear translocation and 
transcriptional activation (fig. S7C). Taken together, PFAS-mediated 
deamidation appears to control the nuclear import of all gamma 
herpesvirus RTA proteins and is a general mechanism governing 
the nuclear import of RTA proteins.

DISCUSSION
In this study, we identified five nucleotide-synthesizing enzymes 
that restrict the lytic replication of KSHV. As obligate intracellular 
pathogens, viruses rely on cellular metabolic enzymes to propagate 
and nucleotide-synthesizing enzymes are crucial for viral produc-
tive infection. Genomes of herpesviruses encode multiple enzymes 
participating in nucleotide metabolism, which presumably circum-
vents the limited catalytic activity of host enzymes during produc-
tive viral infection. Furthermore, recent studies demonstrated that 

cellular metabolic pathways, such as glycolysis, lipid, and nucleotide 
synthesis, were activated and funneled to favor viral replication 
(34–36). Thus, the antiviral activity of these nucleotide-synthesizing 
enzymes is seemingly counterintuitive to this prevailing notion. The 
antiviral activity of cellular metabolic enzyme, however, is not 
unprecedented. SAMHD1, a cellular deoxyribonucleotide triphos-
phates (dNTP) phosphohydrolase, reduces the nucleotide pool to 
block HIV replication in immune cells such as monocytes and den-
dritic cells. If these cellular metabolic enzymes are essential for viral 
replication, the antiviral activity of these cellular GATs thus installs 
an obstacle that is difficult for viruses to overcome. Direct inhibi-
tion of these metabolic enzymes will halt cell proliferation and viral 
replication. Perhaps, the best scenario is that viruses redirect cel-
lular GATs to modulate cellular and viral targets, which will fa-
cilitate viral infection. Our previous report that vGAT pseudoenzymes 
recruit PFAS to deamidate RIG-I and inactivate antiviral cytokine 
production supports this possibility (9).

Mechanistically, PFAS, a purine-synthesizing enzyme, deamidates 
the master transcription factor RTA to dampen viral lytic gene ex-
pression. Our study shows that RTA contains a bipartite NLS that 
can use both importin 1 and 2, but not  subunits, for its nuclear 
entry. This bipartite NLS of RTA is distinct from those of the classi-
cal and PY type (24, 37, 38). Deamidation of asparagine residues 
that flank the positively charged NLS of RTA impaired its interac-
tion with importin  subunits, thus impeding RTA nuclear trans-
location. As such, the deamidation-resistant RTA-Q37 more potently 
activated lytic gene expression and productive infection of KSHV, 
while the deamidated RTA was highly impaired to trans-activate 
KSHV lytic gene expression. The result that RTA-Q37 is resistant to 
PFAS-mediated deamidation is interesting and suggests that the 
deamidation of N37 is required for that of N225. SLK cells carrying 
the KSHV genome containing the deamidated RTA failed to prop-
agate, supporting the critical regulatory role of RTA deamidation. 
The nuclear import of RTA modulated by deamidation is similar to 
that of known importin cargoes, such as fused in sarcoma (FUS) 
(39) and the nuclear poly(A) binding protein 1 (PABPN1) (40), 
whose nuclear import is fine-tuned by arginine methylation (41). A 
feature shared by deamidation and arginine methylation is the 
reduction in the charge of the NLS of importin substrates, implying 
their overlapping roles in this fundamental process. Alternatively, 
PFAS-mediated RTA deamidation and inhibition of viral transcrip-
tional activation may facilitate latent infection of herpesviruses by 
repressing RTA-dependent lytic gene expression. Persistence-prone 
herpesviruses may exploit this host regulatory mechanism to per-
petuate its persistency (42, 43), thus coupling viral infection to the 
cellular metabolic status.

RTA proteins constitute a group of transcription factors import-
ant for the infection of gamma herpesviruses (17). PFAS may there-
fore exert antiviral activity against these herpesviruses by deamidating 
and inhibiting RTA-mediated transcriptional activation. In addition 
to deamidation, RTA was reported to be subject to regulation by a 
diverse panel of posttranslational modifications and cellular factors 
(44–49). Although this study demonstrates that PFAS deamidates 
RTA to restrict KSHV lytic replication, deamidation of other viral 
and cellular proteins may contribute to the antiviral activity of 
PFAS. Considering that nucleic acid anabolic enzymes are crucial 
for cellular and viral macromolecular synthesis, the antiviral activity 
of these GATs against gamma herpesviruses is unexpected. In 
mammalian cells, the de novo synthetic pathways are activated to 
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replenish the nucleotide pool when it is low. The rate-limiting 
enzymes of de novo purine and pyrimidine synthesis are directly 
inhibited by their final products of either pathway, providing a neg-
ative feedback mechanism to achieve homeostasis (50). Thus, highly 
active nucleotide-synthesizing GATs would reflect the low level of 
nucleotide pool and therefore biological processes consuming nucle-
otides have to be curtailed to conserve nucleotides until the nucleo-
tide pool is restored. Transcription, among other biological processes, 
is a main nucleotide-consuming activity and a prerequisite for other 
nucleotide-consuming processes such as DNA replication and ribo-
some biogenesis. We therefore propose that protein deamidation 
conveyed by the cellular nucleotide-synthesizing GATs targets tran-
scription to reduce nucleotide consumption when the cellular nu-
cleotide pool is low. Inhibition of viral transcription is likely a part 
of the cellular metabolic regulation in virus-infected cells. Reducing 
transcription and subsequent key steps underlying KSHV lytic rep-
lication is predicted to balance the nucleotide consumption with its 
supply. These activities may coordinate viral replication processes, 
which ultimately tailor the viral lytic replication according to cellular 
metabolic supplies. In doing so, viral productive infection is tem-
pered to engender minimal stress and perturbation on cellular ho-
meostasis, which is particularly important for persistent viruses such 
as herpesviruses. Further investigation is necessary to test this hy-
pothesis. In addition, we previously reported that MHV68 hijacked 
PFAS to evade antiviral cytokine production (9). The phenotype of 
PFAS in gamma herpesvirus infection is the sum of multiple opposing 
activities, and therefore, each activity is likely underestimated. This 
“neutralized” phenotype presumably reflects the millions of years of 
coevolution between herpesviruses and their natural hosts. Whether 
protein deamidation operates to control nuclear import of cellular 
proteins (e.g., transcription factors) remains an open question. Never-
theless, these data uncover a crucial role of deamidation in regulating 
protein nuclear import, expanding the known functional repertoire 
of protein deamidation.

METHODS
Cell lines, antibodies, and reagents
HEK293T (human kidney epithelial cell origin) and SLK were cul-
tured in Dulbecco’s modified Eagle’s medium (Corning) supplemented 
with 10% heat-inactivated fetal bovine serum (HyClone), penicillin 
(100 U/ml), and streptomycin (100 g/ml). The SLK cell line was 
previously identified as epithelial cell, rather than endothelial cell. 
This cell line, containing the recombinant rKSHV.219, provides a 
useful system to examine KSHV lytic replication and to produce 
high titer of KSHV virus. HOK cells were provided by R. Sun 
(University of California, Los Angeles) and cultured with keratinocyte 
growth medium (Lonza). All cell lines were confirmed being free of 
mycoplasma infection and were periodically checked for mycoplasma 
contamination.

Escherichia coli GS1783 carrying iBAC of the KSHV genome was 
provided by F. Zhu (Florida State University). RTA(N) construct 
was described previously (51) and provided by K. Lan (Wuhan Uni-
versity). PFAS enzyme (GAT)–deficient mutant PFAS-ED and 
luciferase reporter plasmids for the PAN and K57 promoter were 
prepared as previously described (9). Antibodies against GST (Z-5), 
GFAT1 (H49), GFAT2 (H300), and GFP (FL) were purchased from 
Santa Cruz Biotechnology. Antibodies against V5 (ab177487), PFAS 
(ab82755), CAD (ab97340), and -actin (ab8226) were purchased 

from Abcam. Antibodies against FLAG (M2, Sigma), importin 1 
(sc-101292, Santa Cruz Biotechnology), importin 1 (NB100-94993, 
Novus Biologicals), importin 2 (sc-32314, Santa Cruz Biotechnology), 
human influenza hemagglutinin (HA) (MMS-101P, BioLegend), 
goat anti-rabbit/mouse immunoglobulin G (H+L) Alexa Fluor 488 
(A-11034 and A32723, Invitrogen), tubulin (DM1A, Cell Signaling), 
and histone H3 (1B1B2, Cell Signaling) were purchased from the 
indicated suppliers. Human MAVS, KSHV RTA (ORF50), ORF75 
(vGAT), and ORF21 (kTK) polyclonal antibodies were generated 
from Cocalico Biologicals (Reamstown, PA) using standard proce-
dures. Polyclonal antibodies were purified by affinity chromatog-
raphy using antigens immobilized on polyvinylidene difluoride 
membrane or peptides conjugated to CarboxyLink Coupling Resin 
and EDC (Thermo Fisher Scientific). Rabbit polyclonal anti-K3 
antibody was generated as previously described (52). Lipofectamine 
3000 was purchased from Life Technologies. Hypoxanthine, CTP, uri-
dine, NAD, and ivermectin were purchased from Sigma. The con-
trol shRNA and shRNAs against human GATs, including GFAT1, 
GFAT2, PFAS, ASNSD, CAD, NADSYN1, CTPS1, CTPS2, GFPT1, 
GFPT2, GMPS, PPAT, and ASNS, were purchased from Thermo 
Fisher Scientific and Sigma.

Site-directed mutagenesis and DNA transfection
Codons corresponding to asparagine residues of RTAs were mutated 
to aspartate (D) or glutamine (Q) using the QuikChange Site-Directed 
Mutagenesis Kit (Stratagene) and confirmed by sequencing. For 
transfection with 293T cells, calcium phosphate or polyethylenimine 
was used when cells were of ~50 to 60% confluency. For BAC DNA 
transfection in SLK cells, Lipofectamine 3000 was used according 
to the manufacturer's instructions. Cells in each well of a 24-well 
plate were transfected with approximately 1 g of BAC DNA, and 
SLK/iBAC-positive cells were selected with hygromycin B (200 g/ml) 
at 48 hours after transfection.

Key plasmid construction
The importin plasmids were either obtained directly from the 
human complementary DNA (cDNA) library as in pLX307 vector 
or cloned into pCDH vector with a C-terminal V5 tag. BIMAX2 
(RRRRRRKRKREWDDDDDPPKKRRRLD) (29) and M9M 
(GGSYNDFGNYNNQSSNFGPMKGGNFGGRFEPYANPTKR) 
(30) were cloned into pEGFP-C2 vector to enable the expression of 
N-terminal EGFP fusion proteins. RTA-RFP was prepared by cloning 
of RTA into a modified pcDNA3 vector containing a C-terminal 
RFP sequence.

Luciferase reporter assay
293T cells seeded in 24-well plates were transfected with the PAN or 
ORF57 promoter reporter cocktail (100 ng total), with plasmids 
containing RTA-WT or mutants. Cell lysates were prepared at 30 hours 
after transfection using lysis buffer (Promega). Luciferase activity 
was determined by a microplate reader (FLUOstar Omega) using 
centrifuged whole-cell lysates (WCLs). -Galactosidase was used as 
an internal control.

Lentivirus-mediated stable cell line construction
iSLK/RTA-WT and iSLK/RTA-DD stable cell lines were established 
using Tet-On 3G Tetracycline Inducible Gene Expression Systems. 
Briefly, 293T cells were transfected with the packaging plasmids 
VSV-G, Gag-pro, Vpr-pol, Tet-off, and tat-IRES-rev and the 
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TetONE-RTA-WT or TetONE-RTA-DD lentiviral expression vector. 
For making shRNA lentivirus, 293T cells were cotransfected with 
packaging plasmids VSV-G, DR8.9, and the shRNA lentiviral plasmid 
as previously described (53). At 48 hours after transfection, the super-
natant was harvested and filtered, and viruses were concentrated by 
ultracentrifugation. SLK or 293T cells were spin-infected (1800 rpm) 
with lentivirus in the presence of polybrene (8 g/ml) for 45 min. Cells 
were selected with puromycin (1 g/ml) at 48 hours after infection.

Protein expression and purification
293T cells were transfected with an expression vector containing the 
FLAG-tagged protein of interest. Cells were harvested and lysed with 
Triton X-100 buffer [25 mM Hepes (pH7.5), 100 mM NaCl, 10% glycerol, 
1 mM EDTA, and 1% Triton X-100] supplemented with protease inhib-
itor cocktail (Roche). WCLs were sonicated and centrifuged at 12,000 rpm 
for 30 min. Supernatant was filtered, precleared with protein A/G 
agarose beads at 4°C for 1 hour, and then incubated with anti-FLAG 
M2 agarose beads at 4°C for 4 hours. Agarose beads were washed 
extensively with lysis buffer and eluted with 3×FLAG peptide 
(0.2 mg/ml). Eluted proteins were analyzed by SDS—polyacrylamide 
gel electrophoresis (PAGE) and Coomassie/silver staining.

For recombinant GST-RTA(N) and GST–importin  purifica-
tion, E. coli BL21 (DE3) was induced with 0.1 mM isopropyl--d-
thiogalactopyranoside at 20°C overnight. Cell pellets were harvested 
and lysed. After sonication and centrifugation, cell lysates were in-
cubated with glutathione Sepharose 4B beads (GE Healthcare) for 
4 hours at 4°C. Sepharose beads were washed extensively with lysis 
buffer, and GST-RTA(N) was eluted with 10 mM reduced glutathione. 
Purified GST, GST-RTA(N), and GST–importin  were analyzed by 
SDS-PAGE and Coomassie staining.

Coimmunoprecipitation, GST pulldown, 
and immunoblotting
Transfected 293T cells or reactivated iSLK/rKSHV.219 cells [sodium 
butyrate (1 mM) and doxycycline (1 g/ml)] were harvested and 
lysed with NP-40 buffer [50 mM tris-HCl (pH8.0), 150 mM NaCl, 
and 1% NP-40] supplemented with protease inhibitor cocktail 
(Roche). WCLs were sonicated, centrifuged, and precleared with 
protein A/G agarose for 1 hour. Precleared cell lysates were then 
incubated with anti-FLAG M2 agarose beads (Sigma-Aldrich) for 
4 hours at 4°C or anti–importin 1/anti-kRTA antibodies overnight 
following protein A/G agarose incubation for 1 hour at 4°C. The 
agarose beads were washed extensively, and protein was eluted with 
1× SDS-loading buffer by boiling for 10 min. Samples were then 
subjected to SDS-PAGE and immunoblotting.

For GST pulldown with importin , 293T cells were transfected 
with plasmids containing RTA-WT or RTA-DD and then lysed in 
binding buffer [20 mM tris-HCl (pH 7.5), 100 mM NaCl, 10% 
glycerol, and 0.5% NP-40] plus protease inhibitor cocktail (Roche). 
Cell lysates were centrifuged and then precleared with glutathione 
beads. Precleared cell lysates were incubated with glutathione resin 
loaded with GST or GST–importin  (~4 g of protein). After incu-
bation at 4°C for 4 to 6 hours, the resin was washed three times in 
binding buffer and then proteins were eluted, resolved by SDS-
PAGE, and analyzed by immunoblotting. All immunoblotting 
analyses were performed using the indicated primary antibodies 
(1:1000 dilution) and IRDye800-conjugated secondary antibodies 
(1:10,000 dilution) (LI-COR). Proteins were visualized using an 
Odyssey infrared imaging system (LI-COR).

Subcellular fractionation
Cells (2 × 106) were washed with cold phosphate-buffered saline 
(PBS) and resuspended in 150 l of hypotonic buffer [20 mM tris-HCl 
(pH7.4), 10 mM NaCl, and 3 mM MgCl2] supplemented with protease 
inhibitor cocktail for 15 min on ice. NP-40 detergent (0.5%) was 
then added, and the sample was vortexed for 10 s, followed by cen-
trifugation for 10 min at 3000 rpm at 4°C. The supernatant was col-
lected as the cytoplasmic fraction. The nuclear pellet was washed 
and resuspended in 150 l of complete cell extraction buffer [10 mM 
tris (pH 7.4), 2 mM Na3VO4, 100 mM NaCl, 1% Triton X-100, 1 mM 
EDTA, 10% glycerol, 1 mM EGTA, 0.1% SDS, 1 mM NaF, 0.5% 
deoxycholate, and 20 mM Na4P2O7] supplemented with protease 
inhibitor cocktail for 30 min on ice with vortexing at 10-min intervals. 
After centrifugation, the supernatant was collected at 18,000g for 
30 min as the nuclear fraction. Proteins were normalized by Bradford 
protein assay and analyzed by SDS-PAGE and immunoblotting with 
indicated antibodies.

Immunofluorescence microscopy
iSLK/RTA-WT, iSLK/RTA-DD, SLK/iBAC.RTA-WT, or SLK/iBAC.
RTA-Q37 cells were processed as previously described (53). Briefly, 
cells were fixed with 4% paraformaldehyde and permeabilized with 
1% Triton X-100 buffer. After being blocked with goat serum, cells 
were incubated with primary mouse monoclonal anti-FLAG M2 anti-
body or polyclonal anti-RTA (1:100 dilution) serum. Cells were then 
incubated with Alexa Fluor 488–congugated goat secondary antibody 
(1:500 dilution), stained with 4′,6-diamidino-2-phenylindole (DAPI), 
and analyzed with confocal microscope (Nikon). Cells expressing 
fluorescent fusion proteins were fixed with 4% paraformaldehyde 
and directly analyzed by immunofluorescence microscope (Nikon). 
Representative images were shown for all analyses.

Virus preparation and infection
iSLK/rKSHV.219, SLK/iBAC.RTA-WT, and SLK/iBAC.RTA-Q37 cells 
were reactivated with doxycycline (1 g/ml) without or with 1 mM 
sodium butyrate for up to 96 hours as previously described (22). 
iSLK/RTA-WT or iSLK/RTA-DD cells infected with rKSHV.219 
were induced with doxycycline (1 g/ml) up to 96 hours. The super-
natant containing infectious virion particles was collected and 
centrifuged at 1000g for 10 min. Virus was concentrated by ultra-
centrifugation at 32,500g for 2 hours, if necessary. Virus titer was 
quantified on 293T monolayers by flow cytometry with FACSCalibur 
(BD Biosciences, San Jose, CA). Data collected from fluorescence-
activated cell sorting were analyzed with FlowJo software (TreeStar). 
Viral genomic DNA was purified from infected cells with the DNeasy 
Blood and Tissue Kit (Qiagen) for KSHV genome replication by 
quantitative RT-PCR (qRT-PCR)

Quantitative RT-PCR
qRT-PCR was performed as previously described (10). 293T, SLK, 
or HOK cells were harvested at various time points for total RNA 
extraction using TRIzol reagent (Invitrogen). cDNA was synthesized 
using a PrimeScript RT kit according to the manufacturer’s instruction 
(Invitrogen). cDNA was diluted 20-fold, and qRT-PCR was performed 
using SYBR Green Master Mix (Applied Biosystems) on the Applied 
Biosystems StepOnePlus Real-Time PCR System. Relative mRNA 
expression for each target gene was calculated by the 2−Ct method 
using -actin as an internal control. Sequences of qRT-PCR primers 
are shown in Table 1. 
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Two-dimensional gel electrophoresis
Two-dimensional gel electrophoresis was performed as previously 
reported with minor modifications (9, 10). Briefly, protein from 
cells (1 × 106) was isolated using TRIzol reagent (Invitrogen) and 
dissolved in 150 l of rehydration buffer [8 M urea, 2% CHAPS, 
50 mM dithiothreitol (DTT), 0.5% immobilized pH gradient (IPG) 
buffer, and 0.002% bromophenol blue]. After centrifugation at 20,000g 
for 30 min, the supernatant was loaded on Immobiline DryStrips 
(GE Healthcare) for isoelectric focusing (IEF) with a program com-
prising 20 V, 12 hours (rehydration); 300 V, 1 hour; 1000 V, 1 hour; 
2000 V, 1 hour; 5000 V, 3 hours; and 5000 V, 4 hours. After IEF, 
strips were incubated with SDS equilibration buffer [50 mM tris-HCl 
(pH 8.8), 8 M urea, 30% glycerol, 2% SDS, and 0.001% bromophenol 
blue] containing 70 mM DTT for 15 min and then SDS equilibration 
buffer containing 2-iodoacetamide (25 g/ml) for 15 min. Strips were 
washed with SDS-PAGE buffer, resolved by SDS-PAGE, and ana-
lyzed by immunoblotting.

In vitro deamidation assay
GST-RTA(N)-WT or GST-RTA(N)-DD was expressed and puri-
fied from E. coli strain BL21. FLAG-tagged PFAS or PFAS-ED was 

purified from transfected 293T cells. In vitro on-column deami-
dation of RTA(N) was performed as previously reported (9, 10). 
Briefly, 1 g of PFAS/PFAS-ED and 0.5 g of GST-RTA(N) (immo-
bilized on glutathione-conjugated agarose) were added to a total 
volume of 50 l. The reaction was carried out at 37°C for 45 min 
in deamidation buffer [50 mM tris-HCl (pH 7.5), 100 mM NaCl, 
and 5 mM MgCl2]. Protein-bound GST beads were washed with 
deamidation buffer, and GST-RTA(N) was eluted with rehydra-
tion buffer (8 M urea, 2 M thiourea, 2% CHAPS, 0.5% IPG buffer, 
and 0.002% bromophenol blue) at room temperature. Samples 
were then analyzed by two-dimensional gel electrophoresis and 
immunoblotting.

Constructing recombinant KSHV using the iBAC system
Mutagenesis of iBAC16 was performed as previously described 
(54). Briefly, the Kan/I-Sce I cassette was amplified from plasmid 
pEPKan-S by PCR. The purified PCR fragment was electroporated 
into iBAC16-containing GS1783 cells. Recombined clones were se-
lected at 32°C on LB plates containing chloramphenicol (34 g/ml) 
and kanamycin (50 g/ml). Correct clones were then identified by 
PCR and confirmed by sequencing. Positive clones were induced at 
42°C and plated on LB plates containing 1% l-arabinose and chlor-
amphenicol (34 g/ml) for secondary recombination. Clones from 
secondary recombination that were kanamycin sensitive were 
then picked and confirmed by PCR and sequencing. iBAC DNA 
was isolated using the Large Construct Kit (Qiagen) and used to 
transfect SLK cells with Lipofectamine 3000 (Thermo Fisher Scientific). 
SLK/iBAC cells were selected with hygromycin and induced with 
doxycycline (1 g/ml) without or with sodium butyrate (1 mM) to 
generate recombinant virus. The sequences of primers are shown in 
Table 2. 

MS analysis
For identification of deamidation sites, kRTA was purified from 
293T cells transfected with a plasmid containing FLAG-kRTA by 
one-step affinity chromatography using anti-FLAG M2 agarose. 
Purified kRTA was subjected to SDS-PAGE and Coomassie 
staining. Gel slices containing RTA were prepared for in-gel 
digestion. MS analysis was performed by the Taplin Mass Spec-
trometry Facility of Harvard Medical School and Poochon Scientific 
(Frederick, MD).

RTA modeling
To render RTA structure, we used the publicly available I-TASSER 
program (http://zhanglab.ccmb.med.umich.edu/I-TASSER) (55). 
Briefly, the RTA protein sequence was input into the I-TASSER 
server, which predicts two most likely structures of RTA. The alignment 

Table 1. Primers for qRT-PCR.  

CAD TACGTGTCTCTCGCTCCTTC CTGAGGCACCTTTACTCCCA

CTPS1 AGCTTGGCAGAAGCTCTGTA CCAACTGCATCCCTAAGCAC

CTPS2 AACCGAGGACCCTGTGAAAT TCACTGCTAGTTGCATCCCA

GFPT1 ACGGGAGACAGATTGTGGAG ATCAGGCAGCCGTTTCAATC

GFPT2 CTCATCGTGATTGGCTGTGG GCAAACGTCATCCCTGAACA

GMPS CAGAGAGTCAAAGCCTGCAC ACCCTGCACACCTACAGTTT

NADSYN1 CACACGGTTCCCATGTCCTA TGTGCAGAGGCCTCCATAAG

PFAS CCAGGGAAAGGAAGTCCGAT GTGGTTGCACCACTAAAGGG

PPAT CGAGAGGAATGTGGCGTGTT CCCACGAGTCCCAGAGTGAT

ASNS TGCTGGCAGGATCAACTAGG GTGTTGTGGTGCATGCCTAT

ASNSD GGGCGGGACTAAAGGAACTA GAAGCAAACCAGACTGCACA

ORF21 AATCAAGCACCTCCACAACC GCAAACCGACTGGCAAAAAT

PAN CCGCCGATTGTGGGTTGATT TTTTGTTCTGCGGGCTTATGGAG

ORF57 TGCTCTTGGCCTTTGTCCTA TGCACAAGCTGTGATGTTCC

ORF59 CTATGCCAGCGTCGAGTACA GGAAGGCAGTGGAGACGTTA

K8 CAAGAGGCGACTACATAGAAA GATCACATACTTCGGCCTTAAC

ORF75 TGGAGCTGTTTGTCTCCAAG GTTGAGAAAGTGCTCTGCCA

Table 2. Primers for iBAC16-RTA construction.  

Kan-RTA-37D-F CGAACTGAAGGCCCAACTCTACCAGTGTGTGCTCCTTATAGATGACGCATACGAAACAATTAGGGATAACAGGGTAATCGATTTATTC

Kan-RTA-37D-R TTAGGTCACTGGGATCGTAGATTGTTTCGTATGCGTCATCTATAAGGAGCACACACTGGTGCCAGTGTTACAACCAATTAACC

Kan-RTA-225D-F GCCGCTGGAGATCATGACCAAGGGTCAGCTCGCCCCTGAAGACTTTTACAGCATCACCGGTAGGGATAACAGGGTAATCGATTTATTC

Kan-RTA-225D-R GCCGGCGTTTCTCAGCAGAACCGGTGATGCTGTAAAAGTCTTCAGGGGCGAGCTGACCCTGCCAGTGTTACAACCAATTAACC

Kan-RTA-37Q-F CGAACTGAAGGCCCAACTCTACCAGTGTGTGCTCCTTATACAAGACGCATACGAAACAATTAGGGATAACAGGGTAATCGATTTATTC

Kan-RTA-37Q-R TTAGGTCACTGGGATCGTAGATTGTTTCGTATGCGTCTTGTATAAGGAGCACACACTGGTGCCAGTGTTACAACCAATTAACC

http://zhanglab.ccmb.med.umich.edu/I-TASSER
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of RTA with transcription factors of known structure suggests that 
model 1 (as shown in Fig. 4A) was the most likely folding of RTA. 
Subsequently, PyMOL was used to visualize the spatial position of 
the two deamidated sites (N37 and N225). The predicted NLS peptide 
sequence was highlighted to demonstrate the close proximity be-
tween the deamidation sites and the NLS sequence.

Statistical analysis
Statistical analysis was performed using unpaired two-tailed Student’s 
t test. A P value of less than 0.05 is considered statistically significant. 
*P < 0.05, **P < 0.01, and ***P < 0.001. Measurements were taken 
from distinct samples, and experiments were repeated independently 
at least three times. Results are expressed as the median ± SD.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/10/eaaw7373/DC1
Fig. S1. Cellular glutamine amidotransferases in KSHV lytic replication.
Fig. S2. PFAS restricts KSHV lytic replication.
Fig. S3. PFAS deamidates RTA.
Fig. S4. Deamidated RTA is impaired to activate KSHV lytic gene expression.
Fig. S5. Deamidation-resistant RTA-Q37 more potently induces KSHV lytic replication.
Fig. S6. Deamidation impairs RTA binding to importin.
Fig. S7. PFAS deamidates RTAs of other gamma herpesviruses.
View/request a protocol for this paper from Bio-protocol.
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