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expressing clones. We cultured one
clone of the LANA-expressing cells
and prepared nuclear extract. This
extract was incubated with anti-
FLAG affinity gel (M2-agarose),
followed by elution with FLAG
peptides. Eluate was subjected to
SDS-PAGE to detect a prominent
120-kDa band (Fig. 14). Although
there was a 75-kDa band, which was
a nonspecific binding protein com-
monly found with the antibody. We
determined the sequences of the
N-terminal 10 residues of the 120-
kDa protein, which revealed the
protein to be Daxx. To confirm the
identification, the nuclear extract
(each 500 pg of protein) was immu-
noprecipitated with anti-FLAG
antibody to apply to immunoblot-
ting with anti-Daxx antibody. As
shown in Fig. 1B, anti-Daxx anti-
body recognized a band of 120 kDa.
These results indicated that Daxx is
a cellular binding protein of exog-
enously expressed LANA in the
HeLa cell. To confirm LANA-Daxx
interaction in a physiological con-
text, we immunoprecipitated with
anti-Daxx antibody from nuclear
extracts of BCBL-1 cells, a PEL cell
line infected with KSHV. LANA was
co-immunoprecipitated with Daxx
as well (Fig. 1C). This result suggested that LANA formed a
complex with Daxx in KSHV-infected cells.

Colocalization of LANA and Daxx in the Nuclei of KSHV-in-
Jected Cell Line BCBL-1-—Next we examined the localization of
LANA and Daxx in BCBL-1 by immunofluorescence micro-
scopic assay (Fig. 24). LANA gave a characteristic speckled
staining pattern in nuclei of the cells (Fig. 24, panel b), Daxx
also showed some speckles in the nuclei (Fig. 24, panel ¢). The
merged image indicated that LANA considerably co-localized
with Daxx in the nuclear dots (Fig. 24, panel d). We also inves-
tigated the localization of Daxx using Hela cells (Fig. 2B).
LANA gave fine patchy staining in the nucleus (Fig. 2B, panelf),
which is a typical observation in the absence of KSHV genome
(Fig. 2B, panel g). The parental Hela cells showed diffused
staining of Daxx throughout the cell (Fig. 2B, panel c). In con-
trast, Daxx appeared to accumulate in the nuclei of the LANA-
expressing cells (used in Fig. 1) (Fig. 2B, panel g). LANA and
Daxx largely localized in the nucleus of the Hel.a cells (Fig. 2B,
panel ). We performed biochemical fractionation using three
independent clones of LANA-expressing HeLa cells and exam-
ined cellular localization of Daxx by Western blotting. The
results indicated that the amount of Daxx in the nuclear frac-
tion increased as LANA expression increased, although total
amounts of Daxx were comparable in these Hela clone cells
(data not shown).
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FIGURE 2. LANA co-localizes with Daxor in BCBL-1 cells and Hela cells. Confocal microscopic images of PEL
cell line, BCBL-1 cells (A), and Hel.a cells (B, control (panels a- d) and LANA-expressing cells (panels e~ h)). Cells
were doubly immunostained with anti-LANA antibody (1:500 for A, 1:1000 for B) and anti-Daxx antibody (1:100
for A, 1:200 for B). Images represent cells stained with DAPI (panels a and e}, anti-LANA antibody (panels b and
f}, or anti-Daxx antibody (panels c and g), and merged images of LANA and Daxx staining (panels d and h).

A Region Containing the Acidic-rich Domain in LANA Is
Required for Binding with Daxx—To determine the interacting
domain of LANA with Daxx, we constructed a series of LANA
deletion mutants (Fig. 34), which were translated in vitro and
subjected to pull-down assay with GST-Daxx. As shown in Fig.
3B, full-length LANA was pulled down with GST-fused full-
length Daxx, indicating direct interaction between LANA and
Daxx. Three N-terminal mutants of LANA (L1-L3) bound with
GST-Daxx, but the shortest N-terminal LANA (aa 1-261) (L4),
and C-terminal LANA (aa 496 -740) (L5) failed (Fig. 3B). We
constructed mammalian expression plasmids, LANA-N (aa
1-564), LANA-C (aa 496-1162), LANA-N1 (aa 1-260),
LANA-N2 (aa 1-320), LANA-N3 (aa 1-344), and LANA-AAD
(with aa 322493 deleted) (Fig. 34). These plasmids were co-
transfected with pcDNA-Daxx into 293T cells, and the nuclear
extracts were analyzed. Immunoprecipitation with anti-Daxx
antibody and Western blotting with anti-FLAG antibody indi-
cated that Daxx formed a complex with full-length LANA and
LANA-N, and weakly with LANA-N3, but not with the other
LANA fragments (Fig. 3C). Taken together, these results sug-
gested that aa 320 —-344 of LANA, which contains many aspartic
acids and glutamic acids, were required for binding with Daxx.

A Central Domain of Daxx Is Required to Interact with LANA—
To determine the critical region of Daxx for binding with
LANA, a series of GST-fused deletion mutants of Daxx (Fig. 44)
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FIGURE 3. A region containing an acidic-rich domain in LANA is required
for binding with Daxx in vitro and in vivo. A, domain structure of LANA and
its deletion mutants. LANA is constituted of domains of proline-rich, acidic-
rich, glutamine-rich, and basic leucine-zipper. A series of deletion mutants of
LANA and the binding activity in vitro and in vivo are shown. B, result of pull-
down assay with GST-fused full-length Daxx of **S-labeled LANA deletion
mutants (L7-L5). C, co-immunoprecipitation of Daxx and LANA deletion
mutants in 2937 cells. PFLAG-CMV-2 vector (4.0 1.g) {fane 1), pFLAG-LANA (4.0
1g) (lane 2), pFLAG-LANA-N1 (1.0 ng) {lane 3), pFLAG-LANA-N2 (2.0 ng) {lane
4), pFLAG-LANA-N3 (2.0 ug) {lane 5), pFLAG-LANA-N (2.0 u1g) (lane 6), pFLAG-
LANA-AA (4.0 11g) (lane 7). or pFLAG-LANA-C (4.0 ng) (fane 8) was individually
co-transfected with pcDNA-Daxx (1.0 ug) in 60-mm dishes with adjustment
of total DNA amount (5.0 ug). The immunoprecipitates (/P) with anti-Daxx
antibody were followed by immunoblotting (WB) with anti-FLAG antibody
(MS).

were produced in E. coli, and applied to pull-down assay with
full-length **S-labeled LANA. The GST-fused full-length Daxx
(G1) and the Daxx-deleted aa 500740 (G2) bound to LANA,
but deleted aa 440 ~740 (G3) failed (Fig. 4B). From the in vitro
result above, the region of aa 440 ~500 in Daxx was thought to
be critical for the binding. However, GST-fused aa 440 — 625 of
Daxx (G4) did not bind (Fig. 4B), nor did any other mutants,
although weak binding was observed with GST-fused aa 1-270
of Daxx (G8)(Fig. 4B). We constructed a series of deletion
mutants of N-terminal HA-tagged Daxx (H2-H5), and co-ex-
pressed them with pFLAG-LANA in 293T cells. Immunopre-
cipitation with anti-FLAG antibody followed by Western blot-
ting with anti-HA antibody showed that all the mutants except
H5 bound to LANA (Fig. 4C, left two panels). The acidic-rich
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FIGURE4.A, central region containing PAH 2 and acidic-rich domain in Daxxis
required to interact with LANA. A, domain structure of Daxx and various dele-
tion mutants. Daxx is composed of two PAH and acidic-rich and Ser/Pro/Thr-
rich domains. A series of mutants of Daxx and the binding activity in vitro and
in vivo are shown. B, purified GST-Daxx variants (G1-G9) were applied in in
vitro pull-down assay with full-length 3*S-LANA. C, mammalian expression
plasmids, pCMV-HA-Daxx-H1 (full-length) (2.0 ng), pCMV-HA-Daxx-H2 (aa
1-500) (2.0 ng), pPCMV-HA-Daxx-H3 (aa 1-440) (1.0 ng), pCMV-HA-Daxx-H4
(aa 110-500)(1.0 ug), pCMV-HA-Daxx-H5 (aa 500-740) (1.0 wg) were
co-transfected with pFLAG-LANA (1.0 ug) (feft two panels). PcDNA-Daxx-D1
(full-length) (1.0 ug), pcDNA-Daxx-D2 (deleted aa 271-509) (3.0 ug),
pcDNA-Daxx-D3 (aa 63-740)(3.0 ug), pcDNA-Daxx-D4 (aa 111-740)(3.0 ),
and pcDNA-Daxx-D5 (aa 243-740} (2.0 ug) were individually co-transfected
with pFLAG-LANA (1.0 ng) (right two panels). Immunoprecipitates (IP) with
anti-FLAG antibody (M2) were followed by Western blotting (WB) with
anti-HA antibody (left panels) or anti-Daxx antibody (right panels).

region (aa 440 ~500) of Daxx was not critical to the binding with
LANA in cells, not corresponding with the results in vitro. To
examine contribution of N terminus of Daxx, a series of mutant
Daxx expression vectors with N-terminal deletion (D3-D5)
and a deletion mutant without central region aa 271-509 (D2),
were constructed and transiently expressed in 293T cells.
Experiments of immunoprecipitation with anti-FLAG anti-
body and Western blotting with anti-Daxx antibody (sc-7152,
that recognizes the C terminus of Daxx) showed that D3 bound
firmly with LANA, but D4 did very little (Fig. 4C, right two
panels). The first paired amphipathic helix (PAH), aa 63108
appeared to be of some importance for the binding, although
HA-tagged Daxx without PAH1 (H4) bound LANA. These
results indicated that a central region aa 63—440 within Daxx,
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FIGURE 5.LANA inhibited Daxx-mediated repression on Ets-1-dependent
VEGF receptor 1 (Flt-1) gene expression. 4, Daxx repressed Ets-1-depend-
ent Flt-1 expression. PcDNA-p51Ets-1 or pcDNA-p42Ets-1 (+; 25 ng, + +; 50
ng) were co-transfected with pcDNA-Daxx (+; 200 ng, ++; 500 ng) and pFlt-
luc (100 ng). B, LANA counteracts Daxx-mediated repression in Fit-1 expres-
sion in the presence or absence of exogenous Daxx. PCDNA-p42Ets-1 (50 ng),
pcDNA-Daxx (200 ng), and pFLAG-LANA (0, +; 50, -+ +; 100 ng, respectively)
were co-transfected with pFlt-1-luc (100 ng). The relative luciferase activity
(RLU) was normalized by B-galactosidase activity. Assays were performed in
triplicate, and error bars indicate S.D.

containing two paired PAHs and its following 200 aa, was
important for the binding with LANA in cells.

LANA Inhibited Daxx-mediated Repression of Ets-1-depend-
ent VEGF Receptor 1 (Fit-1) Gene Expression— To examine the
role of Daxx in Kaposi’s sarcoma, we focused on Fts-1 tran-
scription factor. It was reported that Daxx interacts with Ets-1
to repress Ets-1-dependent transcriptional activity of MMP-1
and Bcl-2 (12). On the other hand, as a characteristic feature of
KS, it is known that VEGF and its receptors, Flt-1 and KDR
(VEGF receptor-1 and -2, respectively), are highly expressed in
KS (20). There are several Ets-1 motifs in Flt-1 and KDR pro-
moters to regulate the expression (26) (27). We examined the
effect of Daxx on Ets-1-dependent Flt-1 expression. We co-
transfected a luciferase reporter plasmid pFlt-1-luc driven by
Flt-1 promoter, an Ets-1 expression vector, and a Daxx expres-
sion vector into 293T cells, to perform luciferase assay. Tran-
scriptional activity on Flt-1 increased depending on the amount
of Ets-1 plasmid, although the effect of p51-Ets-1 was quite
weak. Daxx evidently repressed Ets-1-dependent activation
(Fig. 54). p51 and p42 are two human variants of the Ets-1
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molecule. It is reasonable that the activity of p51-Ets-1 is lower
than p42-Ets-1 because p42-Ets-1 lacks exon VII, the internal
transcriptional regulatory domain (24). This result is similar to
the case of MMP-1 and Bcl-2 expression (28). As we observed
the repressive activity of Daxx on Ets-I-dependent Flt-1
expression, we examined the effect of LANA on the Daxx-me-
diated repression with p42Ets-1. Co-transfection with a LANA
expression plasmid dose-dependently reactivated the transcrip-
tional activity repressed by exogenous Daxx (Fig. 5B, 4 and 5),
although LANA slightly activated it in the absence of exogenous
Daxx (Fig. 58, 7). These results suggested that LANA inhibited the
repression via interaction with Daxx.

LANA Activated Expression of VEGF Receptors in Vascular
Endothelial Cells—To investigate the possibility that LANA
induces Flt-1 in Kaposi’s sarcoma lesion, we tried to express
LANA in HUVEC, because endothelial cells (ECs) are regarded
as the origins of KS lesions. We constructed a plasmid, pIRES2-
LANA-GFP, which contains an internal ribosomal entry site
(IRES) to express both LANA and GFP from a single mRNA.
We transfected pIRES2-LANA-GFP or pIRES2-GFP as control
intoc HUVEC and Flt-1 and KDR expression in GFP-positive
cells were analyzed by flow cytometry. Flt-1 of GFP-positive
cells in pIRES2-LANA-GFP-transfected cells was significantly
increased as compared with that in control cells (Fig. 64, left).
The number of cells expressing Flt-1 over log intensity 1 (M1)
was about 1.9X higher (Fig. 64, upper, right graph) than that of
control. M1 of KDR also increased 1.4X (Fig. 64, lower, right
graph). Furthermore, to examine the level of mRNA of the two
receptors, we performed real-time PCR with total RNA pre-
pared from the GFP-expressing HUVEC. LANA expression in
PIRES2-LANA-GFP-transfected cells was confirmed by using
PCR with primers of LANA (data not shown). The relative
expressions of Flt-1 and KDR in LANA-expressing cells were
1.4 and 2.0X higher than that of control cells, respectively (Fig.
6B). Although there was discrepancy between rise of protein
and mRNA, results of both FACS and real-time PCR indicated
that LANA induced the two receptors in human endothelial
cells. The expression of Ets-1 and Daxx was not altered between
LANA-expressing cells and control cells (Fig. 6B).

LANA Sequesters Daxx from Ets-1—To resolve the mechanism
of the activation of VEGF receptors expression by LANA, we
examined the relation of the three molecules, LANA, Daxx, and
Ets-1. 293T cells were co-transfected with a constant amount of
pcDNA-Daxx and pcDNA-Ets-1, and a variable amount of
pFLAG-LANA. Nuclear extracts were prepared and subjected to
immunoprecipitation and Western blotting with anti-Ets-1 anti-
body, anti-Daxx antibody or anti-FLAG antibody. Daxx and Fts-1
were expressed in a fixed amount (Fig. 7A, row a), middle and right
panel, respectively) and FLAG-LANA was dose-dependently
increased in the nuclear extract (Fig. 74, row 4, left panel). When
we performed immunoprecipitation with anti-FLAG antibody,
Daxx was detected in the immune complex in proportion to the
amount of LANA (Fig. 74, row b, middle panel). On the other
hand, we detected no specific interaction between LANA and
Ets-1 in the immune complex (Fig. 74, row b, right panel). Next, by
immunoprecipitation with anti-Daxx antibody, FLAG-LANA was
detected in direct proportion to the amount of LANA (Fig. 74, row
¢, left panel). The immune complex also contained Ets-1 in inverse
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FIGURE 6. LANA induced VEGF receptors in HUVEC. A, flow cytometricanal-
ysis of Fit-1 (upper graphs) and KDR (lower graphs) expression of control
(pIRES2-GFP transfected cells; black lines) and LANA-expressing cells (pIRES2-
LANA-GFP-transfected cells; gray lines). The graphs to the right of each indi-
cate percentages of cells that exceed 1 of the relative log intensity (M1).
Experiments were repeated three times and the M1 values represent means
of the three experiments; error bars indicate S.D. 8, real-time PCR analysis of
Fit-1, KDR, Ets-1, and Daxx. HUVECs transfected transiently with pIRES2-
LANA-GFP or pIRES2-GFP (as a control) were sorted 2 days after transfection.
Total RNA extracted from the cells (1 ng) was reverse-transcribed to cDNA (40
wul), and aliquots (0.4 ) were applied to real-time PCR (20 ul) with each
primer (0.4 ma) in triplicate described under “Experimental Procedures.” Val-
ues represented relative expression of Flt-1, KDR, Ets-1, and Daxx {calculated
with threshold cycle number, CT) of LANA-expressing cells compared with
that of control cells. Each value was adjusted with CT of internal control
(GAPDH). ¥, p value < 0.02.

proportion to LANA expression (Fig. 74, row ¢, right panel). Con-
sistently, Daxx was detected in the immune complex with anti-
Ets-1 antibody in inverse proportion to LANA expression (Fig. 74,
row d, middle panel). LANA was not detected in the immune com-
plex with the anti-Ets-1 antibody (Fig. 74, row d, left panel), which
implies that increasing LANA caused increase of Daxx-LANA
interaction, and reduction of Daxx-Ets-1 interaction. These results
suggested that LANA sequesters Daxx from Ets-1, which results in
inhibition of the interaction between Daxx and Ets-1.

In the experiments above we used transiently transfected
293T cells (Fig. 7A). To address whether the transient expres-
sion system for LANA-Daxx interaction is physiologically rele-
vant or not, we analyzed relative expression levels of LANA and
Daxx proteins using BCBL-1 and the transfected 2937 cells. As
shown in Fig. 7B, the expression level of exogenous LANA pro-

SEPTEMBER 22, 2006+VOLUME 281 -NUMBER 38 faase

LANA Up-regulates VEGF Receptors through Daxx

A

input LANA Daxx Ets-1
(a})NE i , w [ wmoes | P —
S T L I I S
LANA Daxx Ets-1
(b) IP/LANA | 8 | e | |

{c) IP/Daxx | okl e | s

1 . i
(d) IP/Ets-1 | | [ | [ =
e
B C T :ii
sotat 2937 BCBL-1 input u.'." Q :'J C}
profein 30 15 7.8 60 30 15 {ug) s @ . E - = E
- e . 2 EMNES 55
WE:LANA W 3 . CC C C G L
G wem e
wB:Daxx

FIGURE 7.LANA interacted with Daxx to sequester from Ets-1. A, Western
blotting analysis of immunoprecipitates with anti-FLAG, anti-Daxx, and anti-
Ets-1 antibodies. 293T cells were transfected with a constant amount of
pcDNA-Daxx (2 1g) and pcDNA-p42Ets-1 (2 ng), and anincreasing amount of
pFLAG-LANA {0.25, 0.5, 1.0 ug). Total DNA amounts were adjusted with
pFLAG-CMV-2 vector to be 5 p1g. Nuclear extracts {row a), immune complex
using anti-FLAG antibody (row b), immune complex using anti-Daxx antibody
(row ¢), and immune complex using anti-Ets-1 antibody {row d), were subject
to Western blotting with anti-FLAG antibody (left), anti-Daxx antibody (mid-
dle) or anti-Ets-1 antibody (right). B, relative protein amounts of LANA and
Daxx in BCBL-1 celis and those of transfected 293T cells. 293T cells were co-
transfected with pcDNA-Daxx (2 pg), pcDNA-p42Ets-1 (2 pug), and pFLAG-
LANA (1.0 ng). Nuclear extract (30, 15, 7.5 g of the 2937 cells and 60, 30, 15
g of BCBL-1 cells) were subjected to Western blotting with anti-LANA anti-
body or anti-Daxx antibody. FLAG-LANA (¥) migrated slower than native
LANA(®) did. C, chromatin immunoprecipitation of Ets-1 and Daxx interac-
tion with Flt-1 promoter in HUVECs. Bands indicate PCR products targeting
~90 to +8 of Fit-1 promoter. 2 ul of water (lane 1), 1/100 and 1/1000 of input
(cross-linked and sonicated pre-immunoprecipitation lysate) (fanes 2 and 3),
eluate from no antibody (lane 4), rabbit1gG {2 ng) (lane 5), anti-Ets-1 antibody
(2 ng) (fane 6), and anti-Daxx antibody (2 1g) {fane 7) were applied to the PCR
reaction, respectively. Eluate from anti-Daxx antibody of LANA-expressing
HUVECs (L, lane 9) and that from the control GFP-expressing HUVECs (G, lane
8) were subjected to PCR reaction. D, possible mechanism for induction of
VEGF receptors by LANA. Daxx interacts with Ets-1, and represses Ets-1-de-
pendent expression in the absence of LANA, while LANA sequesters Daxx
from Ets-1 to inhibit the interaction between Daxx and Ets-1, resulting in
activation of Ets-1-dependent expression of VEGF receptors.

tein in 293T cells in the same condition of Fig. 74 was similar to
that of endogenous LANA in BCBL-1 cells. In contrast, endog-
enous Daxx expression level is much lower in BCBL-1 cellsthan
in the 293T cells. These data indicated that relative expression
ratio of endogenous LANA to Daxx in BCBL-1 cells was much
higher than that of LANA-transfected 293T cells.

Daxx associated with Flt-1 promoter and LANA reduced its
association in HUVEC. To investigate the possibility that Daxx
affects transcriptional activity of Ets-1 for Flt-1 expression in
endothelial cells (ECs), we performed ChIP assay using
HUVEC. Cross-linked nuclear extract from HUVECs was
immunoprecipitated with anti-Ets-1 antibody or anti-Daxx
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antibody, and subjected to PCR to amplify a 98-bp fragment.
The PCR product is designed to span the fourth ets motif (—54
to —51) that is thought to be indispensable for Flt-1 promoter
activity (26). The anti-Daxx antibody precipitated the Fit-1 pro-
moter as well as anti-Fts-1 antibody (Fig. 7C, lanes 6 and 7). The
result indicated that Daxx as well as Ets-1 associated with Fit-1
promoter in ECs. Furthermore, HUVECs transfected with
pIRES2-LANA-GFP or pIRES2-GFEP as the control were sorted
and subjected to ChIP assay with anti-Daxx antibody. The PCR
product from the LANA-expressing cells (Fig. 7C, L, lane 9) was
lower than that of control GFP-expressing cells (Fig. 7C, G, lane
8), indicating reduction of Daxx association with the promoter
of the Flt-1 gene in ECs.

DISCUSSION

LANA is reported to have multiple functions in KS lesion. It
interacts with many host cellular molecules: p53 (8), pRb (9),
ATF4/CREB2 (29), CBP (30), c-Jun (31), RING3 (32), mSin3A (33),
HP-1 (33), Dek (34), GSK-3b (10) and so on. In the present study,
we identified Daxx as a new member of LANA-binding proteins.
Daxx was prominently detected in our immunoaffinity system, but
this system also detected previously reported LANA-interacting
protein such as RING3 by Western blotting (data not shown). We
showed the interaction between the two proteins in vivo (Fig. 1)
and in vitro (Figs. 3 and 4), which indicates that Daxx and LANA
directly bound to each other. Fluorescent immunostaining assay
showed co-localization of LANA and Daxx in BCBL-1 cells, sup-
porting LANA-Daxx interaction in cells (Fig. 2).

Daxx is reported to bind many cellular molecules, indicating
its involvement in multiple cellular processes. Although Daxx
could interact with proteins of cytoplasm or membrane, it also
interacted with some transcription factors and localized some-
times in the nuclear matrix structure, PML NBs (promyelocytic
leukemia nuclear bodies). PML NBs are thought to provide
platforms for transcription regulation, DNA repair, apoptosis,
DNA replication, RNA transport, and many viruses target PML
NBs to pirate host functions (reviewed by Everett, Ref. 35).
Ets-1 associates with a PML NBs protein, Sp100 (36). There-
fore, it might be a strategy of KSHV that LANA targets Daxx of
PML NBs to modulate the cellular function(s) of Ets-1.

Although most LANA-binding proteins are reported to interact
through the C or N terminus of LANA, the critical domain for
binding with Daxx seemed to be a central region, aa 321344 of
LANA (Fig. 3). Theaa 320 - 431 of LANA consists mainly of aspar-
tic acid and glutamic acid. It is reported that a transcriptional co-
activator, CBP interacts through this acidic-rich region of LANA
(30). This domain may have some roles in transcriptional regula-
tion. On the other hand, although most Daxx-binding proteins
interact around the C terminus of Daxx, a central domain contain-
ing the PAHs and the following region of Daxx appeared to be
important for binding with LANA in vivo (Fig. 4). There was a
discrepancy between in vitro and in vivo binding. Protein modifi-
cation may be one possibility explaining in vivo binding activ-
ity. It is reported that Daxx is modified by hyperphosphoryl-
ation (13) and sumoylation (37). Because the sumoylation
sites of Daxx are reported to be Lys®®* and Lys®®, it is
unlikely to affect the interaction. The hyperphosphorylation
site on Daxx has not been identified, but it is possible to be
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related to the binding. There may be other possibilities, for
example, constructive interference by fused GST protein.
PAH is a characteristic domain that is involved in transcrip-
tional co-repressors such as mSin3 (38). It is interesting that
mSin3A binds to aa 1-340 of LANA (28). There is a report
that acetylated histone H4 interacts through PAHI1 within
Daxx, but no report that any other host molecule binds
through this region of Daxx. As Daxx interacts with Ets-1
through the C-terminal region of Daxx (12), there may be no
direct competition for Daxx between LANA and Ets-1.

Based on the interaction between LANA and Daxx (Figs. 1-4),
we found that LANA induced VEGF receptors in ECs (Fig. 6) in
accordance with the results of reporter assays (Fig. 5). Although
expression level changes were not consistent for Flt-1 and KDR in
protein (Fig. 64) and mRNA (Fig. 6B), it may be caused by time
point difference. This is the first report of the function of LANA in
angiogenesis. It is reported that KSHV ORF74 (viral G-protein
coupled receptor, v-GPCR) contributes to expression of VEGF
receptors (39). Because ORF74 is expressed in the viral lytic infec-
tion cycle, it is unlikely that ORF74 is the only gene of KHSV that
induces angiogenesis in KS. It is likely that some other factors suck
as VEGF and hypoxia-inducible factor (HIF) additionally affect on
expression of these receptors in KS (40) (41).

Astothe mechanism of activation of the receptor expression
by LANA, we propose a hypothesis that LANA sequesters Daxx
from Ets-1 (Fig. 7D), based on the results of co-immunoprecipi-
tation (Fig. 7A) and ChIP assay (Fig. 7C). LANA slightly acti-
vated Ets-1 dependent Flt-1 expression without exogenous
Daxx in the reporter assay (Fig. 58). It is thought that LANA
sequestered endogenous Daxx. However it is possible that
LANA activates Flt-1 expression through an unidentified
mechanism(s). At least LANA did not activate Flt-1 expression
through up-regulation of Ets-1 expression (Fig. 6B). In human
Fit-1 promoter, there are five Ets motifs and a CRE (cAMP
response element). It is reported that co-existence of the fourth
Ets motif, and the CRE is necessary for Flt-1 expression (26).
LANA is reported to modulate the expression of a reporter
plasmid with CRE, but the effect of LANA on CRE is repression
(29). There is no CRE in the promoter of KDR.

Given that LANA induces VEGF receptors in KS lesion, we pro-
pose this hypothesis: Daxx binds Ets-1 to repress expression of
VEGF receptors in normal ECs, while in KSHV-infected cells,
LANA bindsto Daxx to inhibit Daxx-Ets-1 interaction, resulting in
the activation of Ets-1-dependent VEGF receptors. Furthermore,
LANA-Daxx interaction might contribute to not only VEGF
receptor gene expression but also to other Daxx-mediated gene
regulation related to the pathogenesis of KS, PEL, and MCD
malignancy.
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Abstract

In cells, the expression of Gag protein, one of the major structural proteins of retroviruses, is sufficient for budding virus-like particles (VLPs)
from the cell surface. We have previously reported that spheroplasts of Saccharomyces cerevisiae expressing HIV-1 Gag proteins from an epi-
somal plasmid constitutively released a large amount of VLPs into culture media; however, commercially available ELISA kits which detect
mature capsid of HIV-1 could not detect uncleaved 55-kDa Gag proteins released from budding yeast. We therefore developed a method to quan-
titate VLP levels released from budding yeast by using fusion protein from HIV-1 Gag and Firefly Luciferase. This system is useful for screening

cellular factor(s) involved in retrovirus budding from S. cerevisiae.
© 2006 Elsevier SAS. All rights reserved.

Keywords: HIV-1; Saccharomyces cerevisiae; Luciferase

1. Introduction

All replication-competent retroviruses have three major
structural proteins (i.e. Gag, Pol and Env), and some have
regulatory proteins. In human immunodeficiency virus type
1 (HIV-1), Gag protein is synthesized as a 55-kDa precursor
protein in the cytosol and cleaved to MA (matrix), CA (cap-
sid), p2, NC (nucleocapsid), pl and p6 by a viral encoded
protease during budding from the cell surface. There is a myr-
istoylation signal at the amino terminus of MA, so that pre-
cursor Gag proteins can target plasma membranes, where
virus protein assembly and particle budding occur. The viral

Abbreviations: VLP, virus-like particle; MA, matrix; CA, capsid; NC,
nucleocapsid; PEG, polyethylene glycol.

* Corresponding author. Department of Viral Infections, Research Institute
for Microbial Diseases, Osaka University, 3-1, Yamadaoka, Suita-City, Osaka
565-0871, Japan. Tel.: +81 6 6879 8348; fax: +81 6 6879 8347.
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1286-4579/$ - see front matter © 2006 Elsevier SAS. All rights reserved.
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envelope is lined with MA, and CA forms a cone-shaped core
encapsidating the RNA genome associated with NC. Pol pro-
teins are initially synthesized as a 160-kDa precursor of
Gag—Pol protein via a —1 translational frameshift, and the
ratio of Gag and GAG—Pol proteins is about 20:1 [1]. Gag
protein alone could be assembled into virus-like particles
(VLPs) when expressed inside cells by recombinant vaccinia
virus [2,3], baculovirus [4], and budding yeast [5]. These
VLPs contain only the p55 Gag precursor because of the ab-
sence of protease encoded in the pol gene. When authentic
gag and pol open reading frames were inserted in those ex-
pression vectors, VLPs with mature Gag and Pol proteins
were produced by recombinant vaccinia virus vector, but not
by baculovirus [4] or budding yeast (Sakuragi and Morikawa,
unpublished data), probably due to higher expression levels of
protease by baculovirus or budding yeast than by vaccinia vi-
rus. Significant protease expression would cleave Gag—Pol
protein inside the cells [6], so that essential domains for virus
assembly were lost before precursor proteins targeted the
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plasma membrane. Similarly, an artificial Gag—Pol fusion
protein generated by inserting four nucleotides at the natural
frameshift region failed to produce VLPs even if expressed
by a vaccinia virus vector [2]. When Gag—Pol fusion protein,
whose protease was in an inactive form [7], or Gag protein
fused with B-galactosidase at the C-terminus [8] was ex-
pressed in cells alone, VLP production was significantly re-
duced. These modified Gag fusion proteins could be
incorporated into VLPs when co-expressed with authentic
Gag proteins. [8,9]. In contrast, relatively short C-terminal
extensions, such as the V3 loop of HIV-1 envelope protein
(~100bp long) [10] or green fluorescent protein (GFP;
~720bp long) [11], on Gag proteins were tolerated for
VLP formation.

It has been previously reported that several cellular pro-
teins play important roles in transporting Gag protein to the
plasma membrane and in budding from cells. For example,
the MA region of Gag was shown to interact with AP-3 com-
plex, which is involved in protein trafficking to certain cell
compartments {12]. It has also been reported that Rab9,
which mediates late endosome-to-trans-Golgi-network traf-
ficking, plays an important role in viral assembly [13]. More-
over, Tsg101, which is localized in the multi-vesicular body
(MVB), is involved in virus budding in a coordinated manner
with the L domain, corresponding to the PTAP motif in the
p6 region of HIV-1 Gag protein [14]. Proteasome inhibitors
such as lactacystin or MG132 restricted virus budding from
the cells [15], but they are not candidates for practical thera-
peutic use because the proteasome function is indispensable
for cell survival. In addition, HP68, a cellular ATP binding
protein, was essential for the assembly of immature HIV-1
capsids in vitro [16]. Furthermore, a peptide which bound
to the C-terminal region of HIV-1 CA could inhibit the as-
sembly of virion [17]. We speculate that other cellular factors
may also be involved in the transport, assembly, and/or bud-
ding of HIV-1. We previously developed a yeast system
which releases VLPs from cells when their cell walls were re-
moved [5], and envisage that this yeast system could be ap-
plied to search for novel host factor(s) of retrovirus particle
formation; however, commercially available ELISA kits to
quantitate levels of mature CA protein in HIV-1 virion cannot
detect precursor 55-kDa Gag protein, probably because the
mature CA epitope used in this ELISA kit is absent or
masked in the precursor 55-kDa Gag protein. We therefore
developed a VLP system consisting of Gag—Firefly Lucifer-
ase fusion protein released from yeast for the rapid and
convenient quantification of VLPs in culture media. The
C-terminal extension to Gag protein in our system was
approximately 1.65 kbp. In the expression system of vaccinia
virus or baculovirus, it is not easy to completely remove in-
fectious vector viruses from culture supernatant. In contrast,
culture media of the budding yeast system do not contain
any infectious vector viruses, because Gag proteins are ex-
pressed from episomal plasmids. Thus, this yeast system is
safe to handle. We propose that this system would be useful
to search for novel host factors involved in retrovirus budding
by using the powerful genetics of budding yeast.

2. Materials and methods
2.1. Plasmid constructs

The entire gag coding sequence was amplified from an infec-
tious proviral clone pNL-4-3 [18] by PCR with a primer pair of
G5 (5'-GGCTAGAAGGAGAGCCATGGGTGCGAGAGC-3)
and G3 (5'-GCCGCTCACCATGGTACCTTGTGACGAGGG-
3’). The firefly luciferase gene was amplified from pGL3-basic
(Promega Co., Madison, WI) by PCR using a primer pair of
L3 (5'-CGGGGTACCATGGAAGACGCCAAAAACATA-3')
and L3 (5-CGGGGTACCTACCACATTTGTAGAGGTTTT-
3. Italicizing in G3 and LS shows Kpnl restriction endonucle-
ase recognition sites used for the ligation of gag and luciferase
fragments. gag and a firefly luciferase fusion open reading
frame were inserted into the poly-linker region of pGEM3Zf(+),
resulting in pGEM3Zf(+)-NLgag-FL. In this construct, Gag and
the Firefly Luciferase fusion protein were driven by the T7 pro-
moter. A myristoylation signal mutant of the gag gene was gen-
erated using primer G5M (5-TGCGGGATCCATGGCTG
CGAGAGCGTCGG-3') instead of G5, and the resultant plas-
mid was designated pGEM3Zf(+)-NLgagmyr(—)-FL. The wild
type of the gag—firefly luciferase gene and its myristoylation sig-
nal mutant versions were also ligated to pRS425 [19] to be
expressed in budding yeast.

2.2. Transfection and infection of mammalian cells

Human embryonic kidney 293T cells were grown in Dulbec-
co’s modified Eagle medium supplemented with 10% fetal calf
serum. Cells were inoculated with vaccinia virus expressing
T7 polymerase (VIF7-3) at 10 PFUs/cell [20] and then trans-
fected with pGEMB3Zf(+), pGEMB3Zf(+)-NLgag-FL. or
pGEM3Zf(+)-NLgagmyr(—)-FL. by using DMRIE-C (Invitro-
gen, Carlsbad, CA, USA). Transfected cells were cultivated in
the presence of 40 ng/ml of cytosine arabinonucleoside (AraC;
Sigma, St. Louis, MO, USA). At 48—72h after transfection,
the cells were harvested and assayed for the levels of intracellular
Gag—Firefly Luciferase protein by Western blot using anti-HIV-
1 CA monoclonal antibody (Advanced Biotechnologies Inc., Co-
lumbia, MD, USA) and horseradish peroxidase-conjugated anti-
mouse IgG (H + L) (Vector Laboratories, Inc., Burlingame, CA,
USA). Levels of bound antibody were measured using a chemilu-
minescence imager, LAS-1000plus (Fuji, Tokyo, Japan). The su-
pernatant of transfected cells was clarified by centrifugation at
1600 x g for 20 min at 4 °C. VLPs were pelleted by ultracentri-
fugation at 35,000 rpm for 1 h at 4 °C on a Beckmann SW41Ti
rotor through a 20% (wt/vol) sucrose cushion. The pellet lysates
were analyzed by Western blot probing with anti-CA monoclonal
antibody as described above.

2.3. Culture and transformation of yeast

S. cerevisiae BY4743 (MATal/ahis3D1/his3D1 leu2DO/
lew2DO METI1S5/met]l5DO LYS2/lys2DO  ura3DO/ura3DO)
cells were transformed using the one-step transformation
method [21] with some modifications. Briefly, BY4743 cells
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were patched on a YPD plate (1% yeast extract, 2% polypep-
tone, 2% glucose and 2% agar) and incubated for 16—24 h at
30 °C. A loopful of cells was suspended in 100 pl of one-step
buffer [40% PEG (polyethylene glycol) 3350, 0.2 M LiAc,
0.1 M B-mercapto-ethanol, 0.5 mg/ml RNAs from Trula Yeast
(Nacalai Tesque, Kyoto, Japan), and ~ 1 pg of plasmid DNA],
and incubated at 45 °C for 1h. Some of the transformants
were spread on a plate containing 2% agar and leucine drop-
out synthetic media (0.67% yeast nitrogen base without amino
acids, 2% glucose, and amino acid mixtures without leucine)
and incubated at 30 °C to select transformants with leucine. Ly-
sates of yeast transformants were prepared using acid-washed
glass beads (Sigma, St. Louis, MO, USA) and subjected to West-
ern blot with the serum of an HIV-1 patient and horseradish per-
oxidase anti-human IgG (H+ L) (Vector Laboratories, Inc.,
Burlingame, CA, USA). A spheroplast of the yeast transformant
was prepared as described previously [5].

2.4. Purification of Gag—Firefly Luciferase VLP budding
from yeast

Culture media of spheroplasts were clarified by centrifuga-
tion at 1650 x g for 20 min at 4 °C, and the supernatants were
layered onto a 30% (wt/vol) sucrose cushion and ultracentri-
fuged in SW41 rotor (Beckmann Coulter) at 35,000 rpm for
1h at 4 °C. The pellets were resuspended with 200 pl of
PBS(—) and applied onto a 20~70% (W/V) linear sucrose den-
sity gradient centrifugation in SW55 rotor (Beckmann Coulter)
at 45,000 rpm for 16 h at 4 °C. Ten fractions were collected
from the bottom and subjected to Western blot analysis using se-
rum from an HIV-1 patient. The luciferase activity of each frac-
tion was measured by luminometer (DIAYATORON, Tokyo,
Japan) using the Bright Glo Luciferase assay system (Promega
Co., Madison, WI, USA). The refractive index of each fraction
was measured using a hand-held refractometer R-5000 (Atago
Co., Tokyo, Japan) and converted to relative density.

2.5. Precipitation of VLPs by PEG

Culture media of spheroplasts were centrifuged at 1650 x g
for 20 min at 4 °C, and supernatants were mixed with PEG
10,000 to a final concentration of 2.5, 5 or 10% (W/W) and
put on ice for 16h. After centrifugation at 1294 x g for
45 min at 4 °C, supernatants were removed, and the precipi-
tated pellets were suspended with 100 pl of 1x Glo Lysis
Buffer. Each suspension was reacted with an equal volume
of Bright Glo System for 2 min at 25 °C, and the luciferase
activity of each sample was measured using a luminometer
(FLUOstar Optima, BMG LABTECH, Offenburg, Germany).

3. Results

3.1. VLP budding of HIV-1 Gag—Firefly Luciferase from
higher eukaryotes

We first investigated whether VLPs consisting of Gag—
Firefly Luciferase could be produced from higher eukaryotes.

For this purpose, the entire gag gene derived from HIV-1 mo-
lecular clone NL4-3 and the firefly luciferase gene were fused
and ligated to the poly-linker region of pGEMS3ZSf (+), and
consequently, the gag—firefly luciferase fusion gene was
driven by T7 promoter (Fig. 1A). A substitution mutant at
the myristoylation signal of the gag gene was also fused to
firefly luciferase [myr(—)-FL] and used as a negative control
for VLP budding, because this mutation caused budding de-
fects from the cellular membrane [22]. After inoculation
with Vaccinia virus vIF7-3 expressing T7 RNA polymerase
[20] for 1h, 293T cells were transfected with pGEM3Z{(+-)-
NLgag-FL, pGEM3Z{(+)-NLgagmyr(—)-FL or pGEM3ZI{(+)
using cationic lipid reagent DMRIE-C. Transfected cells were
incubated for 2 days to allow the release of VLPs into the
culture media in the presence of cytosine arabinonucleoside
to inhibit the DNA synthesis of vaccinia virus. Cells
were lysed for the detection of Firefly Luciferase activity
using the Bright Glo System. Both cells transfected with
either pGEM3Z{(+)-NLgag-FL or pGEMB3Z{(+)-NLgagmyr

(—)-FL expressed high levels of Luciferase activity
A
pGEMAZ{(+)-NLgag-FL Kant
|
|‘I7p H GAG H Firelly Luciferass |

pGEMBZi(+)-NLgagmyr(-}-FL Kpnt
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c
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@ £
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Fig. 1. Bxpression of Gag—Firefly Luciferase fusion protein in higher eukary-
ote cells. (A) Schematic representation of expression constructs for 293T cells.
In the case of myristoylation signal mutants of Gag protein, the second amino
acid glycine was substituted with alanine. (B) Western blotting of cell lysates
of transfected cells. Twenty micrograms of each lysate was loaded on SDS-
PAGE gel and probed with anti-CA mAb. (C) Western blotting of VLPs. Cul-
ture media pellets of transfected cells through a 20% sucrose cushion were
probed with anti-CA mAb. An arrowhead indicates the positions of Gag—
Firefly Luciferase fusion protein. Vector, WT, and myr(—) denote pGEM3Zf(+),
pGEM3Zf(+)-NLgag-FL, and pGEM3Zf(+)-NLgagmyr(—)-FL, respectively.
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[3 x 10°~1.2 x 10%fold to pGEM3Zf(+)] (data not shown).
Western blot analysis of the cell lysate using anti-CA mono-
clonal antibody (Fig. 1B) revealed the presence of approxi-
mately 100-kDa protein in cells transfected with
pGEM3Zf(+)-NLgag-FL. and pGEM3Z{(+)-NLgagmyr(—)-
FL but not in cells transfected with empty vector
pGEMB3Z{(+). The size of this protein was in a good agree-
ment with that of Gag—Firefly Luciferase.

We then examined whether VLPs consisting of Gag—
Firefly Luciferase were produced from transfected cells. The
culture media of transfected cells were collected and clarified
by low-speed centrifugation 2 days after transfection. Ultra-
centrifugation was performed to remove soluble forms of
Gag—Firefly Luciferase from the culture supernatants, and
a sucrose cushion pellet was assayed for Gag—Firefly Lucifer-
ase fusion proteins by Western blotting probed with anti-CA
monoclonal antibody. As shown in Fig. 1C, we could detect
Gag—Firefly Luciferase fusion protein only from the culture
supernatants of cells transfected with NLgag-FL, but not from
those of cells transfected with NLgagmyr(—)-FL or empty
vector. These results indicated that VLPs were released only
from cells transfected with NLgag-FL, and no VLP was released
from cells transfected with NLgagmyr(—)-FL. This result was
consistent with the previous report on VLPs consisting of only
Gag protein [22]. We also detected at least two discrete signals
around 52 kDa with anti-CA monoclonal antibody only from the
culture supernatants of NLgag-FL-transfected cells. Those are
most likely the degraded products of Gag—Firefly Luciferase.
Alternatively, cross-reactive cellular proteins (see Fig. 1B)
may be incorporated into or co-purified with VLPs.

3.2. Expression of Gag—Firefly Luciferase protein in
S. cerevisiae

‘We then constructed two expression vectors of gag—firefly
luciferase in S. cerevisiae. The wild type and myristoylation
signal mutant of gag—firefly luciferase fusion genes were
driven under the control of TDH3 (glyceraldehyde-3-phos-
phate dehydrogenase) promoter derived from pKT10 [23]
(Fig. 2A). These two constructs or parental plasmid,
pRS425, were introduced into S. cerevisiae diploid strain
BY4743 by the one-step transformation method. Cell lysates
of the transformants were prepared with acid-washed glass
beads with lysis buffer and then assayed for levels of lucifer-
ase activity. The luciferase activity of cells transformed with
pRS425-NLgag-FL. and pRS425—NLgagmyr(—)-FL. was
5—6 x 10° times higher than that of transformants of empty
vector pRS425 (data not shown). This result indicated that
each transformant expressed an active form of luciferase.
The cell lysates were then subjected to immunoblotting and
probed with serum from an HIV-1 patient to identify whether
intact Gag—Firefly Luciferase was expressed inside the cells.
As shown in Fig. 2B, we could detect Gag—Firefly Luciferase
fusion protein around the 98-kDa marker in cells with NLgag-
FL and NLgagmyr(—)-FL. In order to compare the expression
level of Gag—Firefly Luciferase fusion protein to Gag protein
alone inside the cells, we also transformed budding yeast with
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Fig. 2. Expression of Gag—Firefly Luciferase fusion protein in S. cerevisiae.
(A) Schematic presentation of constructs for expression in §. cerevisiae. In
the case of myristoylation signal mutants of Gag protein, the second amino
acid glycine was substituted with alanine. (B) Western blotting of cell lysates
of transformants. Forty micrograms of each lysate was loaded onto SDS-PAGE
gel and probed with serum from an HIV-1 patient. The digitizing of band in-
tensity corresponding to Gag—Firefly Luciferase fusion protein is shown be-
low the blot. (C) Luciferase assay of PEG precipitants of VLPs in culture
media. One millilitre of each culture medium of spheroplasts was mixed
with PEG 10,000, and each precipitant was reacted with the Bright Glo System
and measured with a luminometer. The value of each sample is divided by that
of 0% PEG and shown as relative luminescence unit. Representative data of
three independent experiments are shown. Vector, WT, and myr(—) denote
pRS425, pRS425-NLgag-FL and pRS425-NLgagmyr(—)-FL, respectively.

pRS425-NLgag, an expression vector containing only gag
open reading frame. Western blot analysis of cell lysate
showed that expression of Gag protein alone was about 15-
fold higher than Gag—Firefly Luciferase fusion protein (data
not shown).

3.3. VLPs released from budding yeast

We then tried to purify VLPs carrying Firefly Luciferase
from S. cerevisiae. Transformants of pRS425, pRS425-
NIgag-FL, and pRS425-NLgagmyr(—)-FL were treated with
Zymolyase-100T to remove their cell walls, and the resultant
spheroplasts were cultured in YPD supplemented with 1 M
sorbitol, used to optimize osmotic conditions for 16 h to allow
the release of VLPs. The culture media were clarified by low-
speed centrifugation, and VLPs in the supernatants were
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precipitated with PEG 10,000. After low-speed centrifugation,
pellets were assayed for luciferase activity levels using a lu-
minometer. Raw values of luciferase activities of the pellets
were divided by that of the pellets without PEG. As shown
in Fig. 2C, we detected much higher luciferase activity of
wild-type fusion protein in pellets with 2.5, 5, and 10% of
PEG 10,000 than in those with 0% PEG 10,000. On the other
hand, the level of luciferase activity of the myristoylation sig-
nal mutant in PEG 10,000 pellets was almost identical to that
in 0% PEG 10,000. These results suggested that only the wild-
type version of fusion protein could form VLPs in the culture
media of spheroplasts, and that the majority of luciferase ac-
tivity in the culture medium of the myristoylation signal mu-
tant was a soluble form of fusion protein.

3.4. Properties of VLPs of Gag—Firefly Luciferase

We then measured the density of pelleted luciferase activity
to identify whether pellets with luciferase activity really
formed VLPs. The culture media of yeast spheroplasts were
clarified by low-speed centrifugation and then ultracentrifuged
through a 30% sucrose cushion to remove the soluble forms of
Gag—Firefly Luciferase. The resultant pellets were resus-
pended with PBS and laid on the top of a 20—70% sucrose
density gradient. After ultracentrifugation, 10 fractions were
collected from the bottom of the tube and each fraction was
assayed for VLP levels by Western blotting probed with serum
from an HIV-1 patient. As shown in Fig. 3A (Western blotting)
and Fig. 3B (quantification of Gag—Luciferase fusion protein),
wild-type Gag—Firefly Luciferase fusion protein was distrib-
uted between densities of 1.2241 and 1.1764 (W/W), almost
identical to that of VLPs composed of authentic Gag protein
in budding yeast [5]. When we performed the same experi-
ments on the myristoylation signal mutant or empty vector
(Fig. 3B), no signal was detected on the immunoblotting mem-
brane with serum from an HIV-1-positive patient (data not
shown). We then measured the luciferase activity of each frac-
tion of these three samples. The result showed that luciferase
activity was detected only in fractions with Gag—Luciferase
fusion proteins (Fig. 3C). These results clearly indicated that
VLPs composed of Gag—Luciferase fusion proteins were suc-
cessfully produced by spheroplasts of budding yeast.

4, Discussion

Budding yeast was used in a model system of mammalian
cells because it possesses approximately 6000 genes and the
basic mechanisms of vital activity inside the cells are highly
conserved from budding yeast to humans. The strong power
of yeast genetics has unveiled the precise molecular mecha-
nisms underlying several biological phenomena such as onco-
genesis and signal transduction cascade [24). Furthermore,
budding yeast is easy and safe to handle.

We previously developed a budding yeast system releasing
VLPs of HIV-1 Gag. We next wanted to apply this system to
the exploration of cellular factor(s) involved in VLP budding.
We initially used a commercially available ELISA kit which
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Fig. 3. Detection of VLPs released from spheroplasts of S. cerevisiae. (A)
Western blotting of fractions of sucrose density gradient centrifugation with
serum from an HIV-1 patient. (B) Digitizing of band intensity corresponding
to Gag—Firefly Luciferase fusion protein on Western blotting. (C) Luciferase
assay of each fraction of sucrose density gradients. Total luminescence counts
detected in 10 s are shown as LU. Vector, WT, and myr(—) denote pRS425,
pRS425-NLgag-FL and pRS425-NLgagmyr(—)-FL, respectively.

detects mature CA of HIV-1; however, this kit failed to detect
precursor 55-kDa Gag proteins. It is possible, but would be ex-
pensive, to construct a new ELISA system by using the anti-
Gag antibody which reacts to the precursor Gag protein. We
then tried to produce VLPs composed of Gag—EGFP fusion
protein; however, this was unsuccessful because of the auto-
fluorescence of the culture medium. In this study, we devel-
oped a rapid and convenient method to quantitate HIV-1
VLPs by expressing Gag—Firefly Luciferase fusion protein
in spheroplasts of S. cerevisiae.

In the culture supernatants of 293T cells and spheroplasts
of budding yeast expressing wild-type Gag—Firefly Luciferase
fusion protein, we could successfully detect Gag—Firefly Lu-
ciferase proteins which could be pelleted through a sucrose
cushion by ultracentrifugation. When we used a myristoylation
mutant, no Gag—Firefly Luciferase protein could be detected
in the ultracentrifugation pellets. Furthermore, both Gag—
Firefly Luciferase protein and luciferase activity were detected
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in the density range of 1.2241—1.1764 mg/ml. These results
clearly indicated that Gag protein could assemble into VLPs,
although a 1.6 kbp-long firefly luciferase gene was fused at
the 3’ end of the gag gene.

The expression levels of Gag—Firefly Luciferase fusion
protein inside budding yeast was 15-fold lower than that of
Gag protein expressed by a vector carrying gag open reading
frame alone. This result suggested that Luciferase-tag might
affect the expression in budding yeast. Nevertheless, the lucif-
erase system has an apparent advantage in sensitivity. Further-
more, as shown in Fig. 2C, we successfully concentrated VLPs
by PEG. The PEG sedimentation procedure could be per-
formed by low-speed centrifugation and enabled us to use
a high-throughput method using a 96-well deep-dish plate.

In Fig. 3B and C, the values for fraction 2 and 4 were in-
consistent. This was most likely caused by a slight inhibitory
effect of sucrose on luciferase activity, since the presence of
70% sucrose reduced luciferase activity to nearly 70% (data
not shown).

There were weak luciferase activities in fractions 1—4 of
myristoylation signal mutant. However, the peak of luciferase
activity of myristoylation signal mutant was detected in the
higher-density fraction than the peak of the wild type
(Fig. 3C). So, it is possible that this myristoylation signal mu-
tant of Gag—Firefly Luciferase fusion proteins with luciferase
activity was an aggregate without lipid bilayer.

In summary, we showed that both higher eukaryotic cells
and budding yeasts could release HIV-1 VLPs consisting
of Gag—Firefly Luciferase fusion proteins. The property of
VLPs consisting of Gag—Firefly Luciferase fusion protein
examined here was consistent with the nature of the wild-type
virion of HIV-1. Thus, we suggest that the VLP budding system
described here can be applied in the search for novel host factors
essential for the transport, assembly and/or budding of HIV-1
Gag protein. There are several precedents for such studies, in
the viral RNA replication of Brome mosaic virus [25] or in
the viral RNA recombination of Tomato Bushy Stunt Virus
[26]. We also suggest that HIV VLPs produced by our system
may be useful for screening inhibitors of HIV-1 virion budding.
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