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The K8 locus in Kaposi’s sarcoma-associated herpesvirus (KSHYV) is syntenic with the Epstein-Barr virus
(EBV) BZLF (Z) locus and expresses three alternatively spliced transcripts. The fully spliced transcript
encodes K-bZIP, the KSHV homologue of the EBV immediate-early transcriptional transactivator Z. Here we
show that despite the presence of alternatively spliced transcripts, the protein from the fully spliced RNA,
K-bZIP, is the principal product detectable in KSHV-infected B cells. The protein is detected only in lytically
infected cells and is localized to the nucleus. We further characterized K-bZIP by determining its phosphor-
ylation status. Phosphoamino acid analysis revealed phosphorylation on serine and threonine. Analysis of the
sites of K-bZIP phosphorylation by tandem mass spectrometry revealed that K-bZIP was phosphorylated on
Thr 111 and Ser 167. These phosphorylation sites are contained within cyclin-dependent kinase (CDK)
recognition sites with the consensus sequence (S/T)PXR, suggesting that K-bZIP could be phosphorylated by
CDKs. We tested this hypothesis using an in vitro kinase reaction performed in whole-cell extracts that
resemble in vivo conditions more closely than standard in vitro kinase reactions. We found that the three
CDK-cyclin complexes we tested phosphorylated K-bZIP but not the control ORF 73 protein, which contains
four (S/T)PXR sites. Ectopic expression of K-bZIP cannot reactivate KSHV from latency, and single and
double mutants of K-bZIP in which alanines replaced the phosphorylated serine and/or threonine also failed
to induce lytic replication. These studies indicate that K-bZIP is a substrate for CDKs and should inform

further functional analyses of the protein.

Kaposi’s sarcoma (KS) was first described as a rare and
indolent neoplasm of elderly Mediterranean men and was later
found to be more frequent in African men. With the onset of
the AIDS epidemic, another, much more aggressive, form of
KS emerged (4). The epidemiology of AIDS-associated KS
strongly suggested that a transmissible agent caused KS (5).
The search for such an agent led to the discovery in 1994 of a
new human herpesvirus, Kaposi’s sarcoma-associated herpes-
virus (KSHV), or human herpesvirus 8 (12). Subsequent stud-
ies indicated that KSHV infection is central to KS pathogenesis
but that other cofactors (for example, immunosuppression) are
also required for the development of the lesion (8, 33). In
addition to KS, KSHYV is associated with the B-cell lympho-
proliferative diseases primary effusion lymphoma (PEL; for-
merly known as body cavity-based lymphoma) and Castleman’s
disease (10, 38). The observation that KSHV infects B cells is
consistent with sequence analysis indicating that KSHV is a
member of the gamma-2 (lymphotropic) subfamily of herpes-
viruses.

KS lesions consist primarily of spindle cells, presumably of
endothelial origin, and are permeated with neovascular struc-
tures. Most of the spindle cells in a KS tumor are latently
infected with KSHV, and the latency program is likely to play
a key role in spindle cell survival and expansion. However, in
KS lesions some of the cells also express markers for lytic
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replication, and several lines of evidence suggest that KSHV
Iytic replication also contributes to the formation of a KS
lesion. For example, ganciclovir, a drug that inhibits lytic rep-
lication of herpesviruses, can decrease the incidence of KS in
high-risk AIDS patients (27). Moreover, many viral genes that
play roles in angiogenesis and inflammation—key features of
KS histology—are expressed predominantly in the lytic cycle
(1, 6, 7). For these and other reasons we have been investigat-
ing the control of the lytic cascade of gene expression.

Extensive work has been done in the other human gamma-
herpesvirus, Epstein-Barr virus (EBV), on the mechanisms of
activation and control of lytic replication. In EBV, two imme-
diate-early genes are capable of reactivating EBV from latent
viral infection: Z (Zta, ZEBRA, EB1, or BZLF1) and R (Rta
or BRLF1) (14, 28). Both of these genes are transcriptional
transactivators, and ectopic expression of either can induce
latently infected cells to undergo lytic replication. Apart from
its function as a transcription factor, Z also associates with
helicase-primase replication proteins and may be involved in
the formation of the EBV DNA replication complex (18).
Additionally, Z expression can cause G,/G, cell cycle arrest,
suggesting that it helps redirect cellular metabolism to aid viral
replication (9, 30).

KSHYV codes for apparent homologues of R and Z called
ORF 50 (RTA) and K-bZIP, respectively. The location of the
corresponding genes is syntenic to EBV R and Z, and the
transcription and splicing pattern at this locus is somewhat
similar to that at the EBV R/Z locus. KSHV ORF 50 can
reactivate latently infected B cells and induce the lytic cascade
of gene expression (26, 39). In addition, ORF 50 can transac-
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FIG. 1. The ORF 50 (KS8) locus. (A) Genomic organization. Nucleotide numbering and ORF designations (open arrows) are according to the
work of Russo et al.(32). The closed arrows indicate the transcriptional start site, and the vertical line indicates the polyadenylation site. (B)
Pre-mRNAs from the ORF 50 (K8) locus. The lines represent introns; the open boxes represent exons. The numbers indicate the locations of splice
sites. (C) Potential protein products for the alternatively spliced RNAs. The narrow open boxes represent the protein products of the RNAs. The
diagonally striped box represents the leucine zipper, and the plus signs represent the basic region. The vertically striped box represents the unique
region of K8. The dashed lines indicate that exon 1 can originate from the monocistronic or bicistronic transcript.

tivate the promoters of K-bZIP, ORF 57, PAN (nut-1), thymi-
dine kinase, and DNA binding protein (25). K-bZIP is encoded
by a spliced mRNA in which sequences from the genomic ORF
K8 (exon 1 in the cDNA diagram of Fig. 1C) are spliced to
downstream exons (E2 to E4) bearing a basic region (encoded
by E2) and a leucine zipper (from E3) which together form a
bZIP domain (19, 24). bZIP domains are DNA binding and
oligomerization motifs, and the bZIP domain of EBV Z is
necessary for its function as an activator of lytic replication.
Several other mRNAs can also be generated from the locus via
alternative splicing (Fig. 1C), and these could potentially en-
code other isoforms of K-bZIP (24).

To better understand the function of K-bZIP, we have char-
acterized the protein products of the K-bZIP locus. In most of
this work we used BCBL-1 cells, which are derived from a PEL
and can be induced to lytic replication using phorbol esters.
Here we show that despite the presence of alternatively spliced
RNAs the K-bZIP protein is the predominant protein isoform
detectable in infected B cells. We also find that K-bZIP is
phosphorylated at two cyclin-dependent kinase (CDK) recog-
nition sites and that K-bZIP can be phosphorylated by CDK-
cyclin complexes in vitro. Unlike EBV Z, K-bZIP cannot ac-
tivate lytic viral replication when expressed in latently infected
B cells. Single and double mutants of K-bZIP in which an
alanine(s) replaced the phosphorylated serine and/or threo-
nine also failed to induce lytic replication.

MATERIALS AND METHODS

Plasmids. The bacterial expression vector pRSET-K-bZIPSE contains the
Smal/EcoRI fragment of pBS SKII-ORF50 ¢cDNA 12 inserted into the PvulIl/
EcoRlI sites of pRSETA (Invitrogen). This clone expresses all but 13 N-terminal
amino acids of K-bZIP and has a six-His tag. pBS-K-bZIP was created by PCR
amplification of the K-bZIP open reading frame from pBS SKII-ORF50 cDNA
12 (26) with primers that contained BamHI and EcoRI restriction sites and
insertion of the digested PCR product into the BamHI/EcoRI sites of pBlue-
script SK(+) (Promega). The sequences of the primers used to clone the open
reading frame were as follows: K-bZIP5'BamHI, GATCGGATCCCCCAGAA
TGAAGGACATA, and K-bZIP3'EcoRI, GATCGAATTCAACATGGTGGG
AGTGG. pcDNA3.1-K-bZIP was created by digestion of pBS SKII-ORF50
c¢DNA 12, with Sall filling in of the overhanging end by extension with Klenow
fragment and further digestion with Xhol to generate a fragment that was
inserted in to the EcoRV/Xhol sites of pcDNA3.1 (Invitrogen). pcDNA3.1-K-
bZIPAZIP was created using the Stratagene Quickchange kit to change the
codon for Ala 190 (GCA) to a Val codon (GTA) and the codon for Leu 191
(TTA) to a stop codon (TGA). This results in the same open reading frame that
is present in K-bZIP splice variant II. pcDNA3.1-K8 was created by digestion of
pcDNA3 gZ (25) with Nrul and Sall and ligation of the resultant insert into
pcDNA3.1 that had been prepared by digesting with Apal, blunting of the
resultant ends with T4 DNA polymerase, and digestion with Xhol. pcDNA3.1-
HIS-K-bZIP contains the EcoRI/BamHI fragment of pBS-K-bZIP inserted into
pcDNA3.1-HIS-C (Invitrogen) to produce K-bZIP with a six-His tag and an
Xpress tag. pcDNA3.1-K-bZIP T111A, pcDNA3.1-K-bZIP S167A, and pcDNA3.1-
K-bZIP T111A S167A were made by site-directed mutagenesis of pcDNA3.1-K-
bZIP using the Stratagene Quickchange kit.

Cell lines and transfections. BCBL-1, BC-1, BC-3, and BCP-1 cells were
maintained and induced with 12-O-tetradecanoylphorbol-13-acetate (TPA)
and/or ionomycin as previously described (2, 11, 17, 29). SLK and Cos-7 cells
were maintained in Dulbecco modified Eagle medium supplemented with 10%
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fetal calf serum and penicillin-streptomycin. Transfections were performed with
Fugene 6 (Boehringer Mannheim) as described by the manufacturer.

Antibodies. An anti-K-bZIP rabbit serum was raised against the protein prod-
uct of pRSET-K-bZIPSE by Animal Farm Services (Healdsberg, Calif.). To
produce K-bZIPSE BL21(DE3)-pLysS, cells were transformed with pRSET-K-
bZIPSE and grown at 37°C in 2 liters of Luria-Bertani medium until the cells
reached an optical density at 600 nm of 0.6. Cells were induced with 1 mM
isopropyl-B-p-thiogalactopyranoside (IPTG) and harvested by centrifugation 4 h
later. Cells were resuspended in 200 ml of urea binding buffer (500 mM NaCl, 20
mM Tris [pH 8.0], 5 mM imidazole, 50 mM phenylalanine, 50 mM isoleucine, 6
M urea) supplemented with 0.25% Nonidet P-40 and a 1:500-diluted protease
inhibitor cocktail for eukaryotes (Sigma). The extract was sonicated, and the
insoluble material was removed by centrifugation for 30 min at 20,000 X g and
filtration through a 0.45-pm-pore-size bottle-top filter. The extract was loaded
onto a 5-ml HiTrap metal-chelating column (Pharmacia) charged with NiSO,.
The column was washed with 100 ml of binding buffer, and the bound protein was
eluted with urea elution buffer (500 mM NaCl, 20 mM Tris [pH 8.0], 500 mM
imidazole, 50 mM phenylalanine, 50 mM isoleucine, 6 M urea) and collected in
2.5-ml fractions. The fractions were analyzed by sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (SDS-PAGE), and the fractions containing the bulk
of the protein were pooled and dialyzed against phosphate-buffered saline (PBS).

Anti-K8 antibodies were made by conjugation of 10 mg of the peptide acetyl-
H,N-AVPAAPITPPSPRVQRPAC-CO,H to 5 mg of keyhole limpet hemocya-
nin using sulfo-sulfosuccinimidyl-4-[N-maleimido-methyl]cyclohexane-1-carbox-
ylate and subsequent immunization of a rabbit (Animal Farm Services). ORF 73
antisera were made by conjugation of peptides that correspond to the repeats in
OREF 73 (H,N-CDDEEDDEEDDEEDDEEEDEEED-CO,H, H,N-COQQQEPQ
QQEPQQREPQQREP-CO,H, and H,N-LEEQEQELEEQEQELEEQEQEC-
CO,H) as described above and immunization of one rabbit with all three pep-
tides.

Purification of His-tagged K-bZIP from Cos-7 cells. Twenty 10-cm plates of
Cos-7 cells were transfected with 8 wg of pcDNA3.1-HIS-K-bZIP. Forty-eight
hours after transfection, cells were lysed in a total of 20 ml of urea binding buffer
supplemented with 5 mM sodium orthovanadate, 25 mM NaF, and 1 mM sodium
pyrophosphate. The extract was sonicated, and the insoluble material was re-
moved by centrifugation for 30 min at 20,000 X g and filtered through a Millipore
0.45-um-pore-size syringe filter. The extract was loaded onto a 5-ml HiTrap
metal-chelating column (Pharmacia) charged with NiSO,. The column was
washed with 100 ml of binding buffer, and the bound protein was eluted with urea
elution buffer (500 mM NaCl, 20 mM Tris [pH 8.0], 500 mM imidazole, 50 mM
phenylalanine, 50 mM isoleucine, 6 M urea) and collected in 2.5-ml fractions.
The fractions were then precipitated with 2.7 ml of acetone, and the pellets were
resuspended in SDS-PAGE sample buffer. The fractions were run on an SDS—
10% PAGE gel and silver stained according to reference 36, and the His-tagged
K-bZIP bands were cut out and stored at 4°C.

Western analysis. To make extracts, nonadherent cells were washed twice with
PBS, resuspended in radioimmunoprecipitation (RIPA) buffer (50 mM Tris [pH
7.4], 150 mM NaCl, 0.5% Triton X-100, 0.5% deoxycholic acid, 25 mM NaF, 1
mM sodium pyrophosphate, 1 mM sodium orthophosphate, and 1:500 protease
inhibitor cocktail set III [Calbiochem]) at 107 cells per ml and vortexed, and the
insoluble material was removed by centrifugation. Cos-7 cell extracts were made
by transfecting cells on 10-cm plates with 8 wg of plasmid using Fugene 6 and
harvesting the confluent cells 48 h after transfection. The cells were then washed
twice with PBS and scraped into 1 ml of RIPA buffer, and the insoluble material
was removed by centrifugation. In vitro translations were performed with the
TNT system (Promega) as described by the manufacturer. Western analysis was
performed as previously described (25). The anti-K-bZIP sera were used at a
1:20,000 dilution, and the anti-K8 sera were used at a 1:4,000 dilution.

In vivo phosphorylation analysis. BCBL-1 cells were labeled according to the
method described in reference 3. Briefly, 107 BCBL-1 cells or BJAB cells that
had been induced with ionomycin and TPA 48 h before labeling were collected
by centrifugation and washed once with RPMI 1640 medium without sodium
phosphate (Gibco BRL). Cells were resuspended in 20 ml of labeling medium
(RPMI 1640 without sodium phosphate supplemented as described previously
[29] except that dialyzed fetal bovine serum [Gibco BRL] was used); then 5 mCi
of orthophosphate was added, and cells were incubated for 4 h. Subsequently,
cells were washed once with PBS and resuspended in 1 ml of RIPA buffer, and
the insoluble material was removed by a high-speed spin in a microcentrifuge.
Immunoprecipitation was performed by incubating 200 pl of extract, 250 ul of
RIPA buffer, and 3 pl of anti-K-bZIP rabbit sera for 3 h at room temperature
followed by the addition of 40 pl of a 50% slurry of protein A-Sepharose CL-4B
beads (Sigma) in RIPA buffer for 1 h. The beads were pelleted, washed once with
RIPA buffer, and resuspended in SDS-PAGE sample buffer. The proteins were
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separated by SDS-PAGE, blotted onto Immobilon (Millipore), and then hydro-
lyzed and released from the membrane with 6 M HCI (22). The phosphoamino
acids were separated by two-dimensional thin-layer electrophoresis (21). The
first dimension was run in pH 1.9 in acidic acid-formic acid-water (78:25:897
[volvol/vol]) at 1,000 V for 1 h. The second dimension was run at pH 3.5 in acidic
acid-pyridine-water (50:5:945 [vol/vol/vol]) at 1,000 V for 45 min. The plates were
dried, the marker phosphoamino acids were visualized with 0.1% ninhydrin in
95% ethanol, and the plates were exposed to film.

Protein in-gel digestion. Protein bands were excised and digested as described
in reference 20. Briefly, minced gel pieces were first washed with 25 mM
NH,HCO; in 50% acetonitrile, dried in Speedvac, rehydrated in 25 mM
NH,HCO; solution containing trypsin, and digested overnight at 37°C. Peptides
were then extracted by washing with high-pressure liquid chromatography-grade
water followed by three washes with 60% acetonitrile-0.1% formic acid. The
combined supernatants were dried down under vacuum and redissolved in 0.1%
formic acid for desalting using Ziptip(C18). The cleaned digest was analyzed by
mass spectrometry.

Mass spectrometric analysis of tryptic peptides. Molecular masses of all tryp-
tic peptides were determined by analyzing 1/10 of desalted unseparated digest
using matrix-assisted laser desorption ionization-time of flight (MALDI-TOF;
Voyager DESTR mass spectrometer; Perseptive Biosystems). Peptides were
cocrystallized with equal volumes of matrices, either a-cyano-4-hydroxycinnamic
acid or 2,5-dihydroxylbenzonic acid. MALDI spectra were internally calibrated
using trypsin autolysis products to get accurate monoisotopic masses of all the
tryptic peptides (<20 ppm). Peptide masses were submitted for protein mass
database searching using the MS-Fit program (13).

Peptide sequencing by quadrupole-TOF mass spectrometry. Tandem mass
spectra of peptides were obtained on a quadrupole reflector TOF mass spec-
trometer with a quadrupole collision cell (QSTAR PE Sciex, Toronto, Canada).
A nanoelectrospray ion source (Protana A/S, Odense, Denmark) was used for all
experiments. Mass resolution was routinely obtained in the range of 7,000 to
12,000 (for both conventional MS and MS/MS modes of operation), allowing
unambiguous charge state determination for ions at least up to m/z 5000. The
mass accuracy obtained for peptides and peptide fragment ions (with external
calibration) was typically about 50 ppm or better, which is usually sufficient to
distinguish between Gln and Lys, between Phe and oxidized Met, and between
several combinations of two amino acid residues with the same nominal masses.
Therefore, interpretation of the ion series becomes much easier due to the
increased accuracy and sensitivity. Cleaned digest mixture was loaded into nano-
electrospray tip. Conventional mass spectra for parent ions of digest mixture
were first obtained. Tandem mass spectra for selected parent ions were then
collected. The spectra were interpreted with the aid of the MS-Tag program (13).

Preparation of cyclin-CDK complexes. Sf9 cells were infected with baculovi-
ruses encoding human CDK2F80G, CDC2F80G, cyclin A, cyclin E, or cyclin B.
CDKs were tagged at the carboxy terminus with a hemagglutinin epitope tag, and
cyclins contained amino-terminal six-His tags. Cyclin E-CDK2F80G, cyclin
A-CDK2F80G, and cyclin B-CDC2F80G complexes were assembled by mixing
the appropriate Sf9 extracts. Activation of cyclin-CDK complexes was accom-
plished by the addition of 1 mM ATP, 10 mM MgCl,, and a small amount of Sf9
extract containing baculovirus-expressed human CDK-activating kinase. Kinase
complexes were purified by iminodiacetic acid (IDA)-Co®" affinity chromatog-
raphy and stored in 150 mM NaCl-20 mM HEPES [pH 7.4]-10% glycerol.

Production of N°-benzyl-[y-3*S]ATP. N®-benzyl-[y->>S]JATP was produced by
a method to be described elsewhere (J.D.B. and D.M., unpublished data).
Briefly, purified 10-His-tagged nucleoside-diphosphate kinase was bound to
IDA-Co®* agarose beads in a miniature column and washed with [y->>S]ATP,
yielding a population of autophosphorylated nucleoside-diphosphate kinase. The
column was washed with buffer to remove residual ADP and then washed with
N®-benzyl-ADP to yield an eluted mixture of N°-benzyl-ADP and N°-benzyl-[y-
35S]ATP. Following quantitation, the product was used in kinase assays without
further purification.

In vitro phosphorylation analysis. RIPA buffer extracts were prepared from
BJAB cells, uninduced BCBL-1 cells, and BCBL-1 cells that had been induced
with TPA for 48 h. Samples of each extract (750 pg of protein) were labeled with
CDK2F80G-cyclin E, CDK2F80G-cyclin A, or CDC2F80G-cyclin B by the ad-
dition of 30 wCi of N®-benzyl-[y->>S]ATP (1,250 Ci/mmol) and kinase activities
equal to approximately 12 pg of active kinase, in total reaction volumes of 338 pl.
Kinase activities were normalized by their relative abilities to phosphorylate
histone H1. After 20 min at 24°C, reactions were stopped with 10 pl of 0.5 M
EDTA. Reaction products were then immunoprecipitated as described above,
separated by SDS-PAGE, blotted onto nitrocellulose, and analyzed by autora-
diography.
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Lytic reactivation assay.BCBL-1 cells (107) were electroporated at 960 .F and
210 V with 12 pg of test expression vector and 8 pg of pCMV-GFP expression
vector and incubated for 48 h in 20 ml of complete RPMI 1640 (29). The cells
were then washed twice in PBS, fixed in 2 ml of 4% paraformaldehyde for 20 min
at room temperature, washed three times in PBS and once in fluorescence-
activated cell sorting (FACS) buffer—saponin (PBS-1% bovine serum albumin—
0.02% saponin), and then incubated in 100 wl of mouse anti-ORF 59 antibody
diluted in FACS buffer-saponin on ice for 30 min. The cells were then washed
three times with FACS buffer-saponin, incubated with 100 pl of goat anti-mouse
immunoglobulin-phycoerythrin diluted in FACS buffer-saponin for 30 min on
ice, and washed three times with FACS buffer-saponin and once with PBS. The
cells were then analyzed by flow cytometry gating only on intact cells. As controls,
cells transfected without green fluorescent protein (GFP) were used to mark the
limits of GFP-negative (untransfected) cells.

RESULTS AND DISCUSSION

K-bZIP is the predominant isoform detectable in induced
BCBL-1 cells. Figure 1 summarizes the genomic organization
of the K-bZIP region and the structure and coding potential of
its RNAs. Lin et al. (24) have previously detected three differ-
entially spliced transcripts in BCBL-1 cells from the K-bZIP
locus, termed types I, 11, and 111, and found them to occur in a
ratio of 16:4:1. Type I RNA, the predominant transcript, en-
codes the leucine zipper-containing K-bZIP protein that is the
homologue of EBV Z. Type II RNA encodes a protein that is
almost identical to K-bZIP except that it lacks the leucine
zipper domain (K-bZIPAZIP) by omitting the splicing of E2 to
E3. Type III RNA, the least abundant form, fails to splice E1
to E2 and can encode only a protein that corresponds to the K8
OREF originally recognized in the genomic DNA sequence of
KSHYV (32) (Fig. 1). That ORF also includes coding sequences
that are depicted as the intron between E1 and E2 in Fig. 1C.

To see which of these potential protein products are ex-
pressed in KSHV-infected cells, we generated polyclonal anti-
bodies against recombinant K-bZIP protein; since this protein
includes E1 sequences common to all potential isoforms (Fig.
1), the antiserum should recognize all three potential protein
products of the locus. Figure 2A (lanes 1 to 4) confirms that
this is so. Proteins corresponding to K-bZIP, K-bZIPAZIP,
and K8 were generated by in vitro translation, fractionated by
SDS-PAGE, and examined by immunoblotting using this an-
tibody. As shown in Fig. 2A, the antiserum recognized each of
these proteins (lanes 2 to 4). Next, we used this antibody to
probe Western blots of extracts from an uninfected B-cell line
(BJAB) and several uninduced and lytically induced PEL cell
lines (BCBL-1, BC-1, BC-3, and BCP-1) (Fig. 2A, lanes 5 to
13). As expected, no immunoreactive material was seen prior
to lytic induction. Following induction, a band of 38 kDa was
seen in all four PEL lines. At best, only traces of immunore-
active material that comigrates with the smaller K-bZIPAZIP
protein were observed. Additionally, there is a ~80-kDa band
that is recognized by the anti-K-bZIP antibody in the infected
cell lines and from the K-bZIP translated in vitro. We specu-
late that this is a dimeric form of K-bZIP; K-bZIP is known to
form homodimers (19, 24).

Because the K-bZIP and K8 proteins comigrate on SDS-
PAGE (Fig. 2A, lanes 2 and 4), the identity of the 38-kDa
species could not be rigorously assigned from this immunoblot.
Accordingly, we prepared an antiserum to a synthetic peptide
derived from the K8-specific coding sequences lying between
E1l and E2 (Fig. 1C). As expected, in control experiments using
in vitro translation products, this antibody recognized only the
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FIG. 2. K-bZIP is the predominant isoform expressed from the K8
region in PEL cells. For lanes 1 to 4, protein products were generated
by coupled in vitro transcription and translation from the empty
pcDNA3.1 vector, pcDNA3.1-K-bZIP, pcDNA3.1-K-bZIPAZIP, and
pcDNA3.1-K8, respectively. Samples were examined by SDS-PAGE
and immunoblotting with anti-K-bZIP antibody (A) or anti-K8 anti-
body (B). For lanes 5 to 13, extracts from the indicated B-cell lines
either before or after induction with TPA were examined by SDS-
PAGE and immunoblotting with anti-K-bZIP (A) or anti-K8 (B) an-
tibody. The molecular weights of the protein markers are shown on the
left, in thousands.

K8 protein and not the K-bZIP protein (Fig. 2B, lanes 1 to 4).
When used to probe immunoblots of PEL cell extracts, how-
ever, this antibody detected no K8 protein in these samples
(Fig. 2B, lanes 5to 13). Although we cannot exclude the pres-
ence of low levels of K8 and K-bZIPAZIP in lytically infected
cells, it is clear that the predominant protein isoform generated
by KSHV in vivo is K-bZIP itself.

This observation is noteworthy because K-bZIPAZIP RNA
(type 1I) is only fourfold less abundant than K-bZIP mRNA
(type I). One possible explanation for this seeming discrepancy
between mRNA levels and protein levels comes from the way
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FIG. 3. K-bZIP is phosphorylated at serine and threonine residues. (A) Induced BCBL-1 or BJAB cells were labeled with orthophosphate, and
extracts of the labeled cells were immunoprecipitated with anti-K-bZIP polyclonal sera or preimmune sera (PB) as indicated. Immunoprecipitated
proteins were separated by SDS-PAGE, blotted onto Immobilon membranes, and exposed to film. Western analysis of extracts of Cos cells
transfected with empty vector or vectors expressing K-bZIP or K-bZIPAZIP as indicated and probed with anti-K-bZIP antibody was also carried
out. (B) Two-dimensional thin-layer electrophoresis of K-bZIP phosphoamino acids. The immunoprecipitated K-bZIP was excised from the
Immobilon and digested to amino acids. The amino acids were separated by two-dimensional thin-layer electrophoresis with unlabeled marker

phosphoamino acids that were visualized with ninhydrin.

in which the amounts of the spliced variants were determined
in an earlier study (24). As summarized in Fig. 1B, the K8-K8.1
region is not only transcribed as such but is also represented in
ORF 50 mRNAs that read through this region and are poly-
adenylated downstream. The RNase protection probe previ-
ously used to detect the spliced RNAs could not distinguish the
RNA initiating from the K8 promoter from those initiating
from the upstream ORF 50 promoter. Thus, the type II (K-
bZIPAZIP) and type III (K8 splice) variants could have de-
rived primarily from the ORF 50 mRNAs that traverse this
region. If so, they would be expected to be poorly translated
relative to the monocistronic K-bZIP mRNA (type I).

To further characterize K-bZIP, we performed indirect im-
munofluorescence with the anti-K-bZIP antisera on TPA-in-
duced BCBL-1 cells and SLK cells (an endothelial cell line)
transfected with a K-bZIP expression vector and showed that
K-bZIP was localized to the nucleus (data not shown). This
observation is consistent with published results (23) and K-
bZIP’s putative role as a transcription factor.

K-bZIP is phosphorylated on threonine and serine residues.
EBV Z is phosphorylated on Ser 186, which is in the basic
domain of the bZIP region. This phosphorylation is required
for the ability of Z to induce lytic reactivation (15, 16). There-
fore, we were interested to see if K-bZIP was phosphorylated.
We labeled BCBL-1 in vivo with [>*P]orthophosphate, made
extracts of the labeled cells, immunoprecipitated the extracts
with anti-K-bZIP polyclonal sera, separated the proteins by
SDS-PAGE, and blotted them onto an Immobilon membrane.
Exposure of the blot showed that only one band was present
and that the band comigrated with K-bZIP (Fig. 3A). Immu-
noprecipitation of BCBL-1 extract with preimmune sera or

immunoprecipitation from extracts of BJAB cells (an unin-
fected B-cell line) with anti-K-bZIP sera did not show a band
of the correct size (Fig. 3A). These data indicate that K-bZIP
is phosphorylated in KSHV-infected cells. To identify the
phosphoamino acids of K-bZIP, we cut out the piece of mem-
brane containing K-bZIP, hydrolyzed the protein with 6 M
HCI, and performed two-dimensional thin-layer electrophore-
sis (Fig. 3B). This analysis showed that K-bZIP is phosphory-
lated on serine and threonine residues. These data are also
consistent with antiphosphotyrosine immunoblots that sug-
gested that K-bZIP contains no phosphotyrosine (data not
shown).

K-bZIP is phosphorylated at CDK recognition site motifs.
We used mass spectrometry to determine the location of the
phosphorylation sites in K-bZIP. K-bZIP was purified by ex-
pression of His-tagged K-bZIP (HISK-bZIP) in Cos-7 cells
followed by fractionation of the cell extract on a nickel-IDA
column and excision of the HISK-bZIP from a silver-stained
SDS-PAGE gel of the nickel column fractions. The HISK-
bZIP was then digested with trypsin, and the molecular masses
of the tryptic fragments were determined by MALDI-TOF
mass spectrometric analysis. We found three pairs of frag-
ments which have molecular masses corresponding to the cal-
culated masses of K-bZIP tryptic peptides with and without the
presence of a HPO; moiety (Fig. 4A). To determine the loca-
tion of the phosphorylation sites, we sequenced the phosphor-
ylated tryptic fragments using tandem mass spectrometry (Fig.
4B and C).

The presence of y, (m/z 774.330) and y,-H;PO, (m/z 676.34)
ions in the mass spectrum of phosphopeptide FHIPDP
SWTLSHTPPR (MH™" = 1967.9) indicates that either T111 or
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FIG. 4. K-bZIP is phosphorylated at T111 and S167 (A) MALDI-TOF of HIS-K-bZIP tryptic fragments. His-tagged K-bZIP was expressed in
Cos-7 cells and purified by fractionation on a nickel column and excision from a silver stained SDS-PAGE gel of the nickel column fractions. The
K-bZIP was then digested with trypsin, and the molecular masses of the tryptic fragments were determined by MALDI-TOF mass spectrometric
analysis. The peaks whose molecular masses match those of HIS-K-bZIP and phosphoHIS-K-bZIP are indicated in bold. (B) QSTAR tandem mass
spectra of the phosphopeptide FHIPDPSWTLSHTPPR. The major y series and b series and the molecular ion (MH?"), internal ions (%),
acrylamide adducts (), and immonium ions corresponding to specific amino acids (R/P and I/L) are indicated. Some the ionic masses correspond
to a fragment of the parent ion with loss of a phosphate (—H;PO, or —H,O). (C) QSTAR tandem mass spectra of the phosphopeptide

AEVCDQSHSPTR. The spectra are labeled as described above.

S109 is phosphorylated. It is difficult to distinguish between
these two possibilities because the ions at m/z 589.32 and
452.25 can be interpreted as either ys-H;PO, and y,-H;PO, or
ys-H,O and y,-H,O, respectively. However, an internal ion,
m/z 279.07, was observed that can be attributed to the phos-
phodipeptidyl moiety T(PO5)P, supporting the phosphoryla-
tion at T111. The sequencing of the phosphopeptide AEVC-
DQSHSPTR establishes that S167 is phosphorylated. As
shown in the spectrum (Fig. 4C), starting from y,, all the y ion
series contain both y and y-H;PO, ions, indicating that the
phosphorylation occurred at position 4 (i.e., S167) from the C
terminus.

The peptide DLYDDDKVPGSPR contained only one
serine and no threonines, and sequencing confirmed that the
serine residue was phosphorylated (data not shown). This
serine residue is part of the His tag constituent and therefore
not relevant to the function of K-bZIP. The mass spectromet-
ric data are summarized in Fig. 5. We noted that all three
phosphorylation sites were located in consensus CDK recog-
nition motifs: the sites within K-bZIP itself are found in the

recognition motif (S/T)PXR, suggesting that K-bZIP may be a
substrate for CDKs in vivo.

K-bZIP is phosphorylated in vitro. Since K-bZIP is phos-
phorylated at CDK recognition sites in vivo, we hypothesized
that K-bZIP is a CDK target. To test this hypothesis, we per-
formed kinase reactions in vitro using a method first developed
for the tyrosine kinase Src by Shah et al. (35). This method
involves mutation of the kinase ATP binding site so that it will
accept N°-benzyl-substituted ATP, which is a very poor sub-
strate for most wild-type kinases. With this method, kinase
substrates can be analyzed in crude lysates that provide a more
physiological environment than is normally possible with reac-
tion mixtures containing purified kinase and substrate. To fur-
ther increase specificity, we used N°-benzyl-[y-**S]ATP, be-
cause ATP containing thiophosphate in the gamma position is
a poor substrate for many kinases but an effective substrate for
human CDC2(CDKI1) and CDK2. Addition of mutant CDK
and NS-benzyl-[y-*>S]ATP to cell extracts results in specific
radiolabeling of protein substrates with negligible background
phosphorylation due to endogenous kinase activity.
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FIG. 5. Summary of the mass spectrometry data. The numbering is
based on the location of the amino acid in wild-type K-bZIP; the
N-terminal methionine of K-bZIP was removed when the His tag was
added. The regions of HIS-K-bZIP that were identified by the
MALDI-TOF analysis are shown in bold; the leucine zipper, basic
region, and HIS tag are underlined; the CDK recognition site is over-
lined; and the phosphorylated amino acids within K-bZIP are indi-
cated by an asterisk.

For our labeling reactions we used mutant CDK2-cyclin E,
which is normally active in late G, phase of the cell cycle,
mutant CDK2-cyclin A, which is active in S phase, and CDK1-
cyclin B, which is required for entry into mitosis. The kinase
complexes were incubated with extracts from BJAB cells, un-
induced BCBL-1 cells, and BCBL-1 cells that had been in-
duced with TPA for 48 h. K-bZIP or LANA (ORF 73) was
immunoprecipitated from the labeled extracts, separated by
SDS-PAGE, blotted onto nitrocellulose, and analyzed by au-
toradiography. We used ORF 73 as a control because it is
found in all BCBL-1 cells and contains four potential CDK
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recognition motifs: SPER, TPMR, SPPR, and TPPR (which is
also found in K-bZIP). Under these conditions, ORF 73 was
not radioactively labeled (Fig. 6B), even though Western blot
analysis of the kinase reaction immunoprecipitates demon-
strated a strong ORF 73 signal. In contrast, K-bZIP from
induced BCBL-1 lysates was phosphorylated by all three of the
CDK-cyclin pairs, to various extents (CDK1-cyclin B > CDK2-
cyclin A > CDK2-cyclin E) (Fig. 6A). The differences in the
extent of phosphorylation could reflect differences in kinetics
and/or site usage. Since we normalized the amount of CDK
activity added to the reaction mixtures, we believe that this
preference order probably reflects K-bZIP reactivity in vitro.
The fact that ORF 73 was not phosphorylated under these
conditions despite the presence of multiple CDK consensus
sites argues strongly that the phosphorylation of K-bZIP is not
due simply to opportunistic kinase activity in vitro. However,
we note that while our in vitro results confirm that K-bZIP is
an effective substrate for CDKs, they do not allow us to deter-
mine which CDKs are the principal in vivo catalysts of K-bZIP
phosphorylation.

Ectopic expression of K-bZIP phosphorylation site mutants
does not reactivate KSHV from latency. EBV Z and EBV R
proteins are known to reactivate EBV from latency when ec-
topically expressed. KSHV ORF 50 (the EBV R homologue)
can reactivate KSHV in infected B cells (26, 39); however,
initial studies of the K8 genomic locus suggested that protein
products from this region were unable to reactivate KSHV
(39). We wondered if the phosphorylation of K-bZIP could be
inhibiting the ability of K-bZIP to reactivate KSHV from la-
tency. To test this possibility we made single and double mu-
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FIG. 6. K-bZIP is phosphorylated by CDK in vitro. Extracts from BJAB cells, uninduced BCBL-1 cells, and BCBL-1 cells that had been induced
with TPA for 48 h were labeled by addition of CDK2F80G-cyclin E, CDK2F80G-cyclin A, or CDC2F80G-cyclin B and of N°-benzyl-[y-*>S]ATP.
The extracts were incubated at room temperature and immunoprecipitated with anti-K-bZIP sera (A) or anti-ORF 73 (B). The immunoprecipitate
(IP) was analyzed on SDS-PAGE gels followed by electroblotting onto Immobilon and exposure to film. Arrows indicate the position of the K-bZIP

protein (A) and the ORF 73 (LANA) protein (B).
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FIG. 7. Ectopically expressed K-bZIP does not reactivate BCBL-1 cells from latency. BCBL-1 cells were electroporated with empty vector
(pcDNA3.1) or vector expressing the indicated protein (pcDNA3.1-K-bZIP, pcDNA3.1-K-bZIP T111A, pcDNA3.1-K-bZIP S167A, and
pcDNA3.1-K-bZIP T111A S167A) and a vector expressing GFP (CMV-GFP). Cells were assayed 48 h after electroporation by FACS for the
presence of GFP, indicating transfection (x axis), and for the marker ORF 59, indicating lytic replication (y axis). The number in the FACS plot
indicates the percentage of transfected cells that are positive for ORF 59.

tants of K-bZIP in which alanines replaced the phosphorylated
serine and/or threonine and tested their ability to reactivate
BCBL-1 cells from latency. (In parallel studies [results not
shown], both wild-type and mutant proteins were shown to be
expressed with comparable efficiencies in transfected cells.)
BCBL-1 cells were transfected with empty vector or with ORF
50 or K-bZIP expression plasmids and with a GFP expression
plasmid as a marker of transfection. Forty-eight hours after
transfection, the cells were assayed by flow cytometry for ex-
pression of GFP and KSHV ORF 59 (a delayed early gene).
This allows us to score which cells were transfected and, of
those cells, which had entered the lytic cycle. In agreement
with earlier studies (39), wild-type K-bZIP expression could
not induce lytic KSHV reactivation; moreover, it could not
enhance ORF50’s ability to do so (Fig. 7 and data not shown).
Similarly, expression of the phosphorylation site mutants also
failed to reactivate KSHYV lytic replication (Fig. 7). This finding
excludes the possibility that a switch protein activity intrinsic to
K-bZIP is masked by negative regulatory phosphorylation
events mediated by CDKs.

These data suggest that, despite its similarities to EBV Z,
K-bZIP does not function as an activator of lytic replication.
Several other lines of evidence suggest that the role of K-bZIP
in the lytic cycle of KSHV may be different from that of EBV
Z. (i) While EBV Z is an immediate-early gene, the monocis-
tronic K-bZIP transcript displays delayed early kinetics. (ii)
The sequence similarity between K-bZIP and EBV Z is modest

and limited to the bZIP domain itself. (iii) K-bZIP expression
does not activate either the ORF 50 promoter or its own
promoter in reporter gene assays in transiently transfected
cells (34; A. G. Polson and D. Ganem, data not shown). While
none of these data are in themselves definitive, together they
suggest that K-bZIP does not act as a lytic switch protein like
EBV Z.

Although K-bZIP does not appear to be an activator of lytic
replication, the observation that K-bZIP is phosphorylated by
CDKs suggests several other possibilities. Other transcription
factors that are phosphorylated by CDKs include nucleolar
transcription factor, UBF, MyoD, and human estrogen recep-
tor a (31, 37, 40). In these cases the phosphorylation of the
transcription factor is used to link its activity to the cell cycle.
The phosphorylation state of K-bZIP could serve as a viral
sensor of host cell cycle progression; in addition, cell cycle-
dependent changes in the phosphorylation state of K-bZIP
could be used to modulate its function, for example, triggering
differential activation of host or viral genes at different stages.
Alternatively, K-bZIP phosphorylation could be used to link
KSHYV DNA replication to the cell cycle. In addition to its role
as an activator of lytic gene expression, EBV Z associates with
helicase-primase replication proteins and may be involved in
the formation of the EBV replication complex. If K-bZIP plays
a similar role in KSHV DNA replication, then its phosphory-
lation by CDKs could be used to link viral DNA synthesis to a
specific cell cycle stage.
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