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The Kaposi’s sarcoma-associated herpesvirus nuclear egress complex is composed of two proteins, ORF67 and ORF69. In
this study, we have recapitulated the KSHV complex by coexpression of these two proteins in insect cells using expression
from recombinant baculoviruses. The proteins form a complex at the nuclear membrane as judged by live-cell analysis of
protein fusions tagged with green fluorescent protein (GFP) and mCherry. Ultrastructural analysis of infected cells showed
that ORF67 expression results in reduplication of the nuclear membrane. When the two proteins are expressed together,
numerous virion-size nuclear membrane-derived vesicles were evident at the nuclear margins.

Subsequent to DNA packaging of the herpesvirus capsid shell,
primary envelopment of the nucleocapsid occurs at the inner

nuclear membrane (INM) (7, 10, 11). All herpesviruses encode
two proteins that form a complex, which plays a key role in facil-
itating the exit of capsids from the nucleus (7, 11). This complex is
designated the nuclear egress complex (NEC). For herpes simplex
virus type 1 (HSV-1), these two proteins, UL34 and UL31, partic-
ipate in a molecular interaction that is required for nuclear mem-
brane remodeling and envelopment at the INM (1, 4, 14, 19–21).
UL34 is a type II membrane protein that is present in both nuclear
membranes (24). UL31 is a nuclear phosphoprotein (2), which in
the presence of UL34 relocalizes to the nuclear membrane (8, 20,
21). The coexpression of these two proteins of Pseudorabies virus
(PRV) alone is sufficient to alter nuclear membranes, resulting in
vesicle formation (8). The UL34 homolog of murine cytomegalo-
virus (CMV) has been shown to facilitate INM envelopment by
recruiting protein kinase C to phosphorylate lamin, which poten-
tially results in the dissolution of the nuclear lamina, thus allowing
capsids to gain access to the INM (13, 15, 17). Epstein-Barr virus
(EBV) encodes BFRF1 (UL34 ortholog) and BFLF2 (UL31 or-
tholog) gene products, which have been shown to participate in
physical interactions at the nuclear membrane (5, 9) and are required
for nuclear egress (3, 6). Previously, the Kaposi’s sarcoma-associated
herpesvirus (KSHV) NEC complex, which is encoded by ORF67
(UL34) and ORF69 (UL31), was shown by Santarelli et al. (23) to
colocalize at the nuclear membrane in cotransfected 293 cells. Our
goal was to determine whether we could reconstitute this complex in
insect cells using recombinant baculoviruses for expression.

The ORF67 and ORF69 ORFs were PCR amplified using
KSHV BAC36 (27) as a template according to protocols de-
scribed previously (18). They were cloned as EcoRI-SpeI frag-
ments into the baculovirus transfer vector pFastBac 1 (Invitro-
gen). We have modified this vector to encode the enhanced
green fluorescent protein (EGFP), mCherry, and V5 sequences
such that genes cloned into these vectors would generate a
fusion protein with the fluorescent and epitope tags in frame at
the C terminus of the open reading frame (Fig. 1A). All were
sequence confirmed for correct amplification. Using the same

methods, ORF67 and ORF69 were also cloned into pFastBac 1,
encoding a C-terminal Flu hemagglutinin (HA) tag, and into
the dual-expression baculovirus vector pFastBac Dual (Invit-
rogen). In the latter vector, the ORF67V5 (cloned EcoRI-SpeI
fragment) gene was regulated by the polyhedrin promoter and
the ORF69HA (cloned XhoI-KpnI fragment) gene by the p10
promoter element. The fusion sequences were transferred into
the baculovirus genome using the Bac-to-Bac system (Invitro-
gen), and baculoviruses expressing the correct fusion protein
were readily isolated and amplified (16). Insect cells (Sf9 and
Sf21) and baculoviruses were propagated as described by
Okoye et al. (16). Using chemiluminescent Western blot (WB)
methods (enhanced chemiluminescence [ECL]; GE Health-
care) and antibodies to GFP, DsRed, and V5, we sought to
confirm stable expression of the fusion proteins in infected
Sf21 cells harvested 48 h postinfection. Protein lysates were
prepared by lysing 1 � 106 infected Sf21 cells with EZ buffer
(25) plus Halt protease inhibitor (Pierce), followed by sonica-
tion and clarification, and the soluble proteins were analyzed
by the NuPage gel system (Invitrogen) and transferred to ni-
trocellulose membrane using the iBlot transfer system (Invit-
rogen). The ORF67 (29.7-kDa) and ORF69 (33-kDa) polypep-
tides detected were of the correct molecular weight and also
displayed decreased mobility due to the addition of the 27-kDa
fluorescent protein tag (Fig. 1B). Using similar methods, the
coexpression of ORF67 and ORF69 was also examined (Fig.
1C). Both ORF67V5 and ORF69V5 accumulated in coinfected
cells at the same levels observed in cells infected with the indi-
vidual viruses. Using these lysis conditions, ORF69 accumu-
lates in cells at levels greater than ORF67. This was also ob-
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served when two different epitope tags were used. The levels of
ORF67V5 and ORF69HA were similar in both coinfected cells
(ORF67V5 plus ORF69HA) and in cells infected with a dual-
expression virus.

Using the GFP and mCherry tags, our goal was to determine
the localization of these proteins in insect cells. Sf21 cells (1 �
106) in chamber slides were infected with the baculoviruses
expressing the GFP- and mCherry-tagged proteins (Fig. 1D).
When both the GFP and mCherry fusion proteins were ex-
pressed, the cellular localization observed was as expected and
as reported in the literature for this family of proteins. Thus,
ORF69 displayed a diffuse nuclear fluorescence and ORF67
localized to the nuclear periphery and structures adjacent to
the nucleus.

Previous studies on alphaherpesvirus NEC proteins showed,
using immunofluorescence of fixed cells, the relocalization of
the UL31 protein to the nuclear margins in the presence of
functional UL34. This was also shown for KSHV ORF67 and
ORF69 using similar methods. Our goal was to use live fluores-
cent reporter proteins to visualize this in living cells. When
Sf21 cells were coinfected with viruses such that both proteins
were expressed in the same cell, relocalization of the fluores-
cent signal associated with ORF69 was observed (Fig. 2A). This
signal (GFP or mCherry) became concentrated at the nuclear
periphery and colocalized with the signal associated with
ORF67. In many cells, we also saw significant alteration of the
nuclear membrane as judged by the distribution of the colocal-
ized signal. To demonstrate biochemically that the proteins
physically interact, we also performed coimmunoprecipitation
experiments. Infected Sf21 cells (1 � 106) were harvested at 48

h postinfection, and lysates were prepared using RIPA buffer
(0.05 M Tris-HCl, pH 7.2, 0.15 M NaCl, 1% deoxycholic acid,
0.1% SDS, 1% Triton X-100). The sonicated/clarified lysates
were mixed together for 30 min and then immunoprecipitated
with anti-GFP antibody (1 h), followed by binding with
protein-A Sepharose beads (1 h) (Sigma-Aldrich). The precip-
itated complexes were washed five times with RIPA buffer. The
resulting immunoprecipitates following transfer to a mem-
brane were probed with anti-V5 antibody (Fig. 2B). The results
of the blot show that immunoprecipitation (IP) of either
ORF67GFP or ORF69GFP coprecipitated the other protein, as
judged by the V5 blot. In the control immunoprecipitation,
pORF65V5 (KSHV small capsid protein) was not coprecipi-
tated by immunoprecipitation of either ORF67GFP or
ORF69GFP.

Previous studies have shown the overexpression of the EBV
BFRF1 gene product results in significant nuclear membrane
duplication in cells (5). When PRV UL31 and UL34 were over-
expressed in mammalian cells, virus-size vesicles that were de-
rived from the nuclear envelope were detected by similar ultra-
structural analysis (8). We used transmission electron
microscopy (TEM) to discover if the KSHV proteins could re-
model the insect cell nuclear membrane. For these experi-
ments, we used the viruses expressing the V5 tag. Sf21 cells
(5 �106 in 60-mm petri dishes) were infected with the baculo-
viruses expressing ORF67V5 or ORF69V5 or coinfected with
these two viruses and processed for TEM 66 h postinfection
(Fig. 3). Expression of ORF69 alone did not result in any
changes within the cell. Expression of ORF67 did result in large
areas of nuclear membrane stacks, similar to that observed for

FIG 1 Cloning, expression, and localization of the KSHV nuclear egress complex proteins. (A) ORF67 (271 amino acids) and ORF69 (302 amino acids)
were amplified and cloned into the baculovirus transfer vectors that encode C-terminal, GFP, mCherry, and V5 tags. (B) Amplified baculoviruses were
used to infect Sf21 cells to confirm expression of the tagged polypeptides. The proteins were resolved on 4 to 12% Bis-Tris NuPage gels (Invitrogen), and
proteins were detected using anti-V5 mouse (Invitrogen), anti-GFP rabbit (Molecular Probes), and anti-DsRed rabbit (BD Biosciences). Protein
standards are shown in the left lane, and size is indicated in kilodaltons. (C) Similar infections and methods were used to examine coexpression of ORF67
and ORF69 using V5 and HA tags and Western blot procedures. Cells were infected with the individual viruses or coinfected with viruses expressing V5
and HA fusion proteins as well as a dual-expression virus vector. (D) Sf21 cells were infected with baculoviruses expressing GFP- and mCherry-tagged
ORF67 and ORF69. The cells were visualized by confocal microscopy 48 h postinfection. The objective lens was 63�.
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BFRF1 (5). When cells were infected with both ORF67- and
ORF69-expressing viruses, we observed many circular vesicles
that are most likely derived from reduplicated nuclear mem-
branes. These vesicles appear to be similar in size to the herpes-
virus virion. Analysis of the thin sections from these infections
showed that 89 out of 100 infected cells (ORF67 alone) dis-
played nuclear membrane duplication events, and in 88 out of
100 cells (ORF67 and ORF69), vesicles were evident. Measure-
ments of circular vesicles showed that they had a mean diame-
ter of 146 nm (n � 17) or 157 nm (n � 18). The vesicles formed
in the presence of PRV NEC proteins ranged in size from 130 to
160 nm. Cryotomograms of HSV-1 mature extracellular viri-
ons that contain significant tegument density were shown to
have a mean diameter of 186 nm.

Little was known about the KSHV nuclear egress complex
when we started this work. Santarelli et al. (23) reported a study
on the expression and localization of ORF69. They showed that
this protein is localized in the nucleus and visualized potential
complex formation with ORF67 and BFRF1, both orthologs of
HSV-1 UL34. Here we have used live-cell imaging of infected
cells and fluorescent tags to demonstrate the correct localiza-
tion of these proteins in insect cells, as well as the colocalization
of ORF67 and ORF69 at the nuclear membrane. Using this
expression system, we have also demonstrated that ORF67 by
itself is sufficient for nuclear membrane duplication. This has
only been shown previously for BFRF1 in animal cells (5), and
we have also confirmed this result in insect cells using
baculovirus-expressed BFRF1 (data not shown). The use of a
baculovirus expression system has some advantages over plas-
mid transfection in animal cells. These include (i) the ability to
infect the majority of the cells in culture, so the analysis is on a

uniform synchronized population of cells; (ii) more-precise
temporal control of the analysis because of the efficiency of
transduction and replication properties of the virus; (iii) ability
to coinfect many cells in culture using single- and dual-
expression baculovirus vectors; and (iv) use of Escherichia coli
recombineering for the rapid generation of baculovirus recom-
binants. The fact that we can recapitulate the KSHV NEC in
insect cells and the results are similar to other studies per-
formed in animal cells shows that this is a bona fide system of
studying an essential process of a virus that is both difficult to
grow and hard to genetically manipulate.

The coexpression of ORF67 and ORF69 in the same cells
results in the formation of numerous virion-size circular vesi-
cles. This phenotype was first reported by Klupp et al. (8) for
the PRV orthologs, and now the results from the KSHV pro-
teins show that they share this common mechanism, which is
especially evident when overexpressed in such ex vivo systems.
For PRV, the authors did not test whether UL34 was sufficient
to cause membrane duplication, but nuclear membrane disso-
ciation was demonstrated using baculovirus-expressed UL34
(26). From our data we conclude that ORF67 is responsible for
membrane duplication, and when both ORF67 and ORF69 are
present, the nuclear membrane is remodeled to create vesicles.
We also have genetic evidence for this from mutations in
ORF69, which fail to bind to ORF67 or relocalize to the nuclear
margin. Cells examined by TEM display only the nuclear mem-
brane duplication, and vesicles were absent (data not shown).
This fits with studies from Roller et al. (22) that have shown
that the interaction between UL31 and UL34 is important for
membrane curvature around the assembled capsid. The recon-
stitution of this complex in insect cells makes available a tractable

FIG 2 ORF67 and ORF69 interactions observed visually by relocalization of ORF69 to the nuclear boundary and biochemically by coimmunoprecipi-
tation methods. (A) Sf21 cells were coinfected with viruses expressing GFP/mCherry tagged proteins and analyzed by confocal microscopy 48 h
postinfection. The objective lens was 63�. The merge of the GFP and mCherry fluorescence shows relocalization of ORF69 to the nuclear margins. (B)
ORF67V5 and ORF69V5 are coprecipitated by ORF69GFP and ORF67GFP, respectively (immunoprecipitation [IP] with �GFP followed by Western blot
[WB] analysis with �V5). The proteins were processed for Western blots as described in the legend to Fig. 1. The proteins present in the input lysates are
shown by the �GFP and �V5 blots (top and middle). Protein standards are shown in the left lane, and size is indicated in kilodaltons.
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system to study this complex for gammaherpesviruses and to begin to
determine the structure and composition of these vesicles.
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