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Structural Determinants for Nuclear Envelope Localization and
Function of Pseudorabies Virus pUL34
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Herpesvirus proteins pUL34 and pUL31 form a complex at the inner nuclear membrane (INM) which is necessary for efficient
nuclear egress. Pseudorabies virus (PrV) pUL34 is a type II membrane protein of 262 amino acids (aa). The transmembrane re-
gion (TM) is predicted to be located between aa 245 and 261, leaving only one amino acid in the C terminus that probably ex-
tends into the perinuclear space. It is targeted to the nuclear envelope in the absence of other viral proteins, pointing to intrinsic
localization motifs, and shows structural similarity to cellular INM proteins like lamina-associated polypeptide (Lap) 2f8 and
Emerin. To investigate which domains of pUL34 are relevant for localization and function, we constructed chimeric proteins by
replacing parts of pUL34 with regions of cellular INM proteins. First the 18 C-terminal amino acids encompassing the TM were
exchanged with TM regions and C-terminal domains of Lap2f3 and Emerin or with the first TM region of the polytopic lamin B
receptor (LBR), including the nine following amino acids. All resulting chimeric proteins complemented the replication defect of
PrV-AUL34, demonstrating that the substitution of the TM and the extension of the C-terminal domain does not interfere with
the function of pUL34. Complementation was reduced but not abolished when the C-terminal 50 aa were replaced by corre-
sponding Lap2f3 sequences (pUL34-LapCT50). However, replacing the C-terminal 100 aa (pUL34-LapCT100) resulted in a non-
functional protein despite continuing pUL31 binding, pointing to an important functional role of this region. The replacement
of the N-terminal 100 aa (pUL34-LapNT100) had no effect on nuclear envelope localization but abrogated pUL31 binding and

function.

uring herpesvirus morphogenesis, nucleocapsids are assem-

bled in the host cell nucleus and have to cross the nuclear
membranes to gain access to the cytosol, where final tegumenta-
tion and envelopment occurs. To this end, nucleocapsids bud at
the inner nuclear membrane (INM), which subsequently encloses
the nucleocapsid, thereby forming a primary enveloped virion
located in the perinuclear space. This primary envelope is lost after
fusion with the outer nuclear membrane (ONM), releasing the
nucleocapsid into the cytosol (reviewed in references 25, 38, 39,
and 40). To gain access to the budding sites at the INM, the nu-
clear lamina, a filamentous meshwork consisting mainly of lamin
types A/C and B which underlies and supports the nuclear mem-
brane, has to be softened and/or dissolved at least locally (re-
viewed in references 25 and 40). This partial dissolution is thought
to be accomplished by the nuclear egress complex (NEC), which is
highly conserved throughout the herpesviruses (reviewed in ref-
erences 25 and 40). It consists of viral proteins homologous to
herpes simplex virus type 1 (HSV-1) pUL34 and pUL31 and func-
tions via the recruitment of cellular and viral protein kinases
which phosphorylate lamins, thereby triggering their dissolution
(3, 43, 49). In the absence of either pUL31 or pUL34, nucleocap-
sids are trapped in the nucleus and only a few infectious particles
are released (6, 10, 13, 18, 28, 44, 50, 51, 52, 59). However, pUL31
and pUL34 not only are required for efficient nuclear egress but
also are sufficient for the formation of vesicles from the INM,
resembling primary envelopes (31), indicating that these two pro-
teins form the core budding machinery.

Pseudorabies virus (PrV) pUL34, which exhibits a smooth nu-
clear rim staining in infected and transfected cells, is a predicted
type Il membrane protein (28) with the hydrophobic domain lo-
cated between amino acids (aa) 245 and 261 (according to PSort II
[http://www.psort.org/]) (24), leaving only one amino acid in the
C terminus to extend into the perinuclear lumen either from the
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INM or from the primary virion envelope. The deduced amino
acid sequence does not contain a typical nuclear localization motif
(NLS) (24) but contains an RXR (RQR) sequence at amino acids
173 to 175 which has been defined as an efficient INM-sorting
motif for human cytomegalovirus glycoprotein B (41, 42). How-
ever, the significance of this motif in PrV pUL34 has not been
investigated, and pUL34 might be small enough to diffuse pas-
sively into the INM. Although it has been speculated that pUL34 is
retained in the nuclear membrane by interaction with nucleoplas-
mic pUL31, this is not the case in PrV, where pUL34 shows dis-
tinct nuclear rim localization even in the absence of other viral
proteins, although the presence of pUS3 kinase might enhance
nuclear membrane targeting (29).

pUL31 is a small, soluble nuclear protein which forms a com-
plex with pUL34 and colocalizes with pUL34 at the nuclear rim in
infected or transfected cells (13, 31). PrV pUL31 contains a pre-
dicted bipartite NLS between amino acids 4 and 20 (24) and is
efficiently targeted to the nucleoplasm in infected and transfected
cells (13, 31), most probably by using the cellular nuclear import
machinery. The pUL31 interaction domain of pUL34 was mapped
to the N-terminal 162 amino acids in PrV (13), to amino acids 1 to
178 in murine cytomegalovirus MCMYV (6), and to amino acids
137 to 181 in HSV-1 (34), indicating the conservation of this do-
main across herpesvirus pUL34 homologs.

The nuclear envelope consists of an inner and an outer mem-
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brane which are connected at the nuclear pores. While the outer
nuclear membrane and the perinuclear space are contiguous with
the rough endoplasmic reticulum (RER), sharing a common set of
proteins, the INM is enriched for a specific subset of proteins.
Approximately 80 different integral membrane proteins of the
INM have been identified by a proteomic approach (54). Many of
those proteins bind either directly or indirectly to lamins and
DNA and provide structural as well as functional support for the
lamina and chromatin. Three different types of INM integral
membrane proteins have been identified: proteins which span the
INM once and extend with most of their mass into the nucleo-
plasm, like Lap2 and Emerin; proteins with two transmembrane
(TM) domains, like Man1; and proteins with multiple hydropho-
bic domains, such as the lamin B receptor (LBR) and Nurim (53).
pUL34 and its homologues in other herpesviruses share structural
similarities to the cellular INM proteins with a single transmem-
brane region, and it is likely that they are localized by pathways
similar to those of the cellular proteins.

Newly synthesized INM proteins are inserted into the RER
membrane and move laterally along the RER and ONM to the
INM at nuclear pores. Their targeting to the INM has long been
explained solely by the diffusion-retention model (23, 56), sug-
gesting that nuclear interaction partners arrest the laterally diffus-
ing membrane proteins. However, as a general mechanism, this
model has been challenged by the observation that energy-
dependent and receptor-mediated targeting mechanisms exist us-
ing either classical nuclear localization signals or INM-specific
motifs (5, 27, 36, 41, 47).

However, the exact targeting mechanisms of herpesviral
pUL34 homologs is not understood, nor are the molecular details
of primary envelopment and the mechanism of fusion of the pri-
mary virion envelope with the outer nuclear membrane. In
HSV-1, glycoproteins B (gB) and H (gH), which are essential for
the penetration of virions during entry, have been reported to be
involved in fusion during nuclear egress (11). However, this is not
the case in PrV, since PrV mutants lacking either gB, gH, gD, or gL
singly or in different combinations are fully competent in the nu-
clear egress of nucleocapsids as well as virus release into the super-
natant (32). On the other hand, the simultaneous expression of
pUL31 and pUL34 leads to the efficient formation of vesicles from
the inner nuclear membrane, which resemble primary envelopes
in size and form. Putative fusion intermediates with the outer
nuclear membrane also were observed in ultrastructural studies
(31), indicating that pUL34 and pUL31 are sufficient for vesicle
formation, fission, and fusion. Interestingly, only one C-terminal
amino acid of pUL34 is predicted to be exposed from the primary
envelope into the perinuclear cleft, and it is difficult to imagine
how this could trigger the fusion event. Thus, we wanted to assay
functional domains by replacing different regions of PrV pUL34
with corresponding domains of cellular INM proteins.

Lamina-associated polypeptide 2 (Lap2) is a group of six alter-
natively spliced proteins known as Lap2«, Lap23, Lap2y, Lap25,
Lap2e, and Lap2{ (2). The B, v, 8, and ¢ isoforms are integral
proteins of the inner nuclear membrane, while Lap2« has no
transmembrane region and is present in the nucleoplasm (re-
viewed in reference 23). Lap23 comprises 452 aa and is the most
ubiquitous isoform, with the TM predicted to be between aa 413
and 430 and a C-terminal domain of 22 aa (Fig. 1). Itis able to bind
lamin B via a C-terminally located domain (aa 299 to 373) (14,
15). The chromatin binding domain, which binds to barrier to
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autointegration factor (BAF), is localized in the N terminus, and
an LEM motif is present between amino acids 111 and 152 (16,
55). The LEM domain is an ~40-residue motif found in nuclear
membrane-associated proteins, including Lap2, Emerin, MANT,
Otefin, and Lem-3 (35). An additional LEM-like motif responsible
for chromosome binding is located within the first 85 amino acids
of the N terminus (16). Lap2 binding to lamins and chromatin is
inhibited by mitotic phosphorylation (12).

Emerin has limited homology to Lap2{ in structure and func-
tion. It consists of 254 aa, and its TM is predicted between aa 226
and 243. An LEM domain is located between aa 1 and 43 (Fig. 1).
In contrast to Lap2f3, which binds only B-type lamins, Emerin
binds A- and B-type lamins (7, 9). The 615-aa LBR is characterized
by 8 predicted transmembrane domains (Fig. 1) (48). The hydro-
philic N terminus reaches into the nucleoplasm, where it interacts
with lamin B (aa 1 to 216).

To test which domains in PrV pUL34 are necessary and/or
sufficient for nuclear envelope localization and for function dur-
ing nuclear egress, we generated chimeras between pUL34 and
Lap28, Emerin, and LBR and tested the hybrid proteins for their
intracellular localization and for the functional complementation
of a UL34-deleted PrV mutant.

MATERIALS AND METHODS

Cells and viruses. Rabbit kidney cells (RK13) were cultivated in Dulbec-
co’s modified Eagle’s medium supplemented with 10% fetal calf serum.
Laboratory strain PrV Kaplan (PrV-Ka) (26) was grown on RK13 cells and
PrV-AUL34 on RK13-UL34 cells as described previously (28, 29).

Construction of UL34 chimeras. Chimeric genes were generated by a
modified fusion PCR (22, 46) using primers shown in Table 1. In a first
PCR, the corresponding regions of either PrV UL34 or rat Lap23, human
Emerin, and human LBR were amplified with Pfx DNA polymerase (In-
vitrogen) separately with specific primers comprising overlapping exten-
sions. pcDNA-UL34 (28) or pEGFP-Lap2 (1), pNP07 (kindly provided
by Peter O’Hare), or pLBRITMgfp (8) were used as the template. In a
second PCR, the overlapping regions of the generated PCR products were
annealed and used as a template with forward and reverse primers (Table
1). The fusion PCR products for UL34-LapTM, UL34-EMDTM, UL34-
LBRTM, and UL34-LapCT50 were cleaved with EcoRI/HindIII, for which
recognition sites were added with the primers (underlined in Table 1), and
cloned into vector pcDNA3 (Invitrogen). UL34-LapCT100 and UL34-
LapNT were first cloned blunt ended into the Smal site of pBluescript
SK+ (Stratagene) and recloned into pcDNA3 after digestion with
HindIII. Correct amplification, in-frame fusion, and cloning were verified
by sequencing.

Generation of stable cell lines. Stable cell lines expressing pUL34-
LBRTM, pUL34-EMDTM, pUL34-LapTM, pUL34-LapCT50, pUL34-
LapCT100, or pUL34-LapNT were isolated after transfection of RK13
cells with the corresponding pcDNA3 constructs using calcium phosphate
precipitation (17) and selection of transfected cells in medium containing
0.5 mg/ml G418 (Invitrogen). Resistant cell clones were picked and tested
by indirect immunofluorescence with the anti-pUL34 serum (28).

Laser-scanning confocal microscopy. RK13 cells were either trans-
fected singly with pcDNA-UL34, pcDNA-UL34-LBRTM, pcDNA-UL34-
EMDTM, pcDNA-UL34-LapTM, pcDNA-UL34-LapCT50, pcDNA-
UL34-LapCT100, and pcDNA-UL34-LapNT or cotransfected with these
constructs and pcDNA-UL31 (13). Twenty-four h after transfection, cells
were fixed with 3% paraformaldehyde for 20 min and subsequently per-
meabilized with 3% paraformaldehyde—0.3% Triton X-100 and immu-
nostained for pUL34 and/or pUL31. To this end, polyclonal rabbit anti-
pUL31 (13) and polyclonal mouse anti-pUL34 serum (31) were diluted
1:500 in phosphate-buffered saline (PBS) and incubated for 1 h at room
temperature. Bound antibody was detected by Alexa Fluor 555 goat anti-
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FIG 1 Construction of pUL34 chimeras. Chimeric genes were generated by fusion PCR with overlapping primers and cloned into the eukaryotic expression vector pcDNA3.
Indicated are expressed open reading frames, including the transmembrane domains in Lap23, Emerin, LBR, and pUL34. The LEM-like domain, the LEM domain, and the lamin
Aand/or B binding regions (BD) are also shown. Amino acid positions are given above for pUL34 amino acid sequences and below for LBR, Emerin, and Lap23. The sizes of the
generated chimeras are shown in amino acids and predicted molecular masses. The N-terminal domain of LBR is not drawn to scale.

rabbit IgG and Alexa Fluor 488 goat anti-mouse IgG (Invitrogen) diluted
1:1,000. Nuclei were stained with TO-PRO-3 (Invitrogen). Fluorescence
images were acquired using a confocal laser-scanning microscope
(LSM510; Zeiss, Germany).

TABLE 1 Primers used for construction of chimeric genes®

Western blot analysis. RK13, RK13-UL34, RK13-UL34-LBRTM,
RK13-UL34-EMDTM, RK13-UL34-LapTM, RK13-UL34-LapCT50,
RK13-UL34-LapCT100, and RK13-UL34-LapNT cells were harvested
and lysed, and proteins were separated on SDS-10% polyacrylamide gels.

Location (bp) in:

Name Sequence 5" to 3’ pEGFP-Lap23 pLBR1TM-GFP PrvV-Ka
(Euroscarf (Euroscarf NPO7 (GenBank no.
P30463) P30453) BK001744)
UL34for CACAAAGCTTACCATGAGCGGCACCCT 31395-31411
UL34rev CACAGGATCCGCCGCCTTTAACGCATGTTCAG 32193-32712
Lap2Bfor CACAAAGCTTGGGACGAGATGCCGGAGTTC 1370-1389
Lap2Brev GAGAGAATTCGAGATCGAGTCGGATGTGCC 2768-2749
UL34-LapTMfor CGGCGCCTCGCCGGCTACTGGATAAAAATGCTGCTGTTTG 2614-2635 32112-32129
UL34-LapTMrev CAAACAGCAGCATTTTTATCCAGTAGCCGGCGAGGCGCCG 2635-2614 32129-32112
UL34-LapCT50 for CGCCCGTGCCCGGGCACGCGCCGCTCGAGCTCAGTGACTT 2494-2514 32011-32020
UL34-LapCT50 rev AAGTCACTGAGCTCGAGCGGCGCGTGCCCGGGCACGGGCG 2514-2494 32020-32011
UL34-LapCT100 for GGCCCCGACGACGCCTCG AGGTTGACTGGAAATTTCAAGC 2263-2284 31863-31880
UL34-LapCT100 rev GCTTCAAATTTCCAGTCAACCTCGAGGCGTCGTCGGGGCC 2284-2263 31880-31863
UL34-LapNTfor CTGTTGAAGCTGAGGGAACAGCACAACAACGTGATCCTGGCC 1810-1830 31698-31718
UL34-LapNTrev GGCCAGGATCACGTTGTTGTGCTGTTCCCTCAGCTTCAACAG 1830-1810 31718-31698
UL34-LBRTMfor CGGCGCCTCGCCGGCTACGGTGTGTTTCTCATCATGTTTG 1395-1416 32112-32129
UL34-LBRTMrev CAAACATGATGAGAAACACACCGTAGCCGGCGAGGCGCCG 1416-1395 32129-32112
LBRrev CACAGAATTCTTATGGATCTTTCTGTTTAC 1453-1472
UL34-EMDTMfor CGGCGCCTCGCCGGCTACTGGGGCCAGCTGCTGCTTTTCC 5372-5391 32112-32129
UL34-EMDTMrev GGAAAAGCAGCAGCTGGCCCCAGTAGCCGGCGAGGCGCCG 5391-5372 32129-32112
EMDrev CACAGAATTCTTAGAAGGGGTTGCCTTC 5459-5442

@ Recognition sequences are underlined.
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After electrotransfer onto a nitrocellulose membrane, the membrane was
incubated with the monospecific anti-pUL34 serum (28) at a dilution of
1:50,000. Bound antibody was detected by peroxidase-coupled goat anti-
rabbit antibodies and visualized by enhanced chemiluminescence, which
was recorded by an image analyzer (ChemiDoc XRS+; Bio-Rad).

One-step growth kinetics and plaque size. For one-step growth ki-
netics, cells were infected at a multiplicity of infection (MOI) of 3. After 1
h at 4°C, the inoculum was replaced by prewarmed medium and cells were
incubated for an additional hour at 37°C to allow virus entry. Nonpen-
etrated virus was inactivated by low pH treatment (37), and cells and
supernatant were harvested either immediately or after incubation for an
additional 4, 8, 12, 24, or 36 h. Progeny virus titers were determined on
RK13-UL34 cells. Mean values from three independent experiments and
corresponding standard deviations were plotted.

For the determination of plaque sizes, cells were infected with either
PrV-Ka or PrV-AUL34 under plaque assay conditions and stained with
1% crystal violet 2 days postinfection. For each virus-cell combination, 50
plaques were measured microscopically. The plaque size for PrV-Ka on a
given cell line was set as 100%, and corresponding values for the mutant
viruses were calculated. Mean values from three independent experiments
are given with the corresponding standard deviations.

Electron microscopy. Cell lines were infected with PrV-AUL34 at an
MOI of 1 and processed for electron microscopy 14 h postinfection as
described previously (28).

RESULTS

Construction of pUL34 chimeric proteins. pUL34 and the INM
proteins Lap2f, Emerin, and LBR are efficiently targeted to the
nuclear envelope. To investigate which domains of pUL34 are
necessary and/or sufficient for the targeting and function of
pUL34 during herpesvirus nuclear egress, we constructed chime-
ras between these proteins. First, the functional role of the pUL34
transmembrane domain, including the penultimate amino acid,
which might constitute the short periplasmic domain, was tested.
To this end, the hydrophobic C-terminal domain of pUL34 (aa
24510 262) was replaced by (i) the first hydrophobic region of LBR
located between aa 214 and 230 and nine additional C-terminal
amino acids, (ii) the TM region of Emerin (aa 226 to 243) includ-
ing the 11 C-terminal amino acids, and (iii) the Lap2 3 TM (aa 413
to 452) including the 22 C-terminal amino acids (Fig. 1).

In a second approach, the altered region was enlarged toward
the N terminus of pUL34. To this end, aa 1 to 211 of pUL34 were
fused to the Lap28 C-terminal region (aa 374 to 452), resulting in
pUL34-LapCT50. Furthermore, aa 1 to 162 of pUL34, which have
been shown to be sufficient for interaction with pUL31 (13), were
fused to the 153 C-terminal Lap23 amino acids, including the
lamin B binding domain (aa 299 to 373) (15), giving rise to
pUL34-LapCT100 (Fig. 1). In the reverse construct, the
N-terminal 100 aa of pUL34 were replaced by aa 1 to 152 of Lap23,
comprising the LEM motif, generating pUL34-LapNT (Fig. 1).
This construct was chosen because it should retain the pUL31
interaction domain which has been predicted at aa 137 to 181 in
HSV-1pUL34 (34), corresponding to aa 123 to 167 of PrV pUL34.
Correct in-frame cloning was verified by sequencing, and expres-
sion was tested by coupled in vitro transcription-translation (data
not shown) and immunofluorescence after transient transfection
(see below).

Localization and complex formation with pUL31 of pUL34-
INM chimeric constructs. To analyze the intracellular localiza-
tion of the chimeric protein RK13, cells were transfected with the
different expression vectors. Cells were fixed and processed for
indirect immunofluorescence with the anti-pUL34-specific serum
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2 days after transfection. All chimeric proteins exhibited smooth
nuclear rim staining similar to that of PrV pUL34 (Fig. 2A) or
cellular Lap23, Emerin, and LBR (12, 20, 28, 45), while pUL31 in
transfected cells shows a diffuse nucleoplasmic pattern (Fig. 2A)
(13, 31). Due to the high expression levels, some cytoplasmic
staining also was observed. To test for interaction with pUL31,
plasmids expressing the chimeric proteins were cotransfected with
pcDNA-UL31 (Fig. 2B). The cotransfection of pcDNA-UL31 and
pcDNA-UL34 resulted in the relocalization of pUL31 to speckles
near the nuclear rim, where both complex partners colocalize,
as described previously (31). A similar staining pattern was
detectable after the cotransfection of pcDNA-UL34-LBRTM,
pcDNA-UL34-EMDTM, pcDNA-UL34-LapTM, pcDNA-UL34-
LapCT50, and pcDNA-UL34-LapCT100 with pcDNA-UL31,
demonstrating that these chimeric proteins still were able to re-
cruit nucleoplasmic pUL31. However, the cotransfection of
pcDNA-UL31 with pcDNA-UL34-LapNT did not result in
speckle formation or the relocalization of pUL31, indicating that
this protein is unable to interact with and/or relocate its complex
partner.

Complementation of PrV-AUL34 by pUL34-INM chimeras.
Since all chimeric proteins localized to the nuclear rim, we
tested whether they were also able to complement the replica-
tion defect of PrV-AUL34. Thus, RK13 cells were transfected
with the corresponding expression constructs and selected in
medium containing G418. Cell clones were picked and tested
with the pUL34 monospecific rabbit serum by indirect immu-
nofluorescence and immunoblotting. Several cell clones were
tested, and one of each was used for further studies. Western
blot analyses of the selected cell lines showed the expected elec-
trophoretic mobility of the corresponding chimeras (Fig. 3).
To assay for transcomplementation, cell lines were infected at
an MOI of 3 with either PrV-Ka or PrV-AUL34 (Fig. 4). After 0,
4,8,12, 24, and 36 h, cells were harvested and infectious prog-
eny titrated on RK13-UL34 cells. While PrV-Ka replicated to
similar titers on all cell lines, indicating that the chimeras do
not exert general dominant-negative effects on virus replica-
tion (Fig. 4A and C), all cell lines expressing chimeras carrying
heterologous transmembrane and C-terminal domains com-
plemented the defect of the UL34 deletion mutant to titers
similar to that of the wild-type pUL34-expressing cells (Fig.
4B). The enlargement of the replaced region toward the N ter-
minus of pUL34 in RK13-UL34-LapCT50 resulted in a ca. 10-
fold decrease in viral titers (Fig. 4D). In contrast, further ex-
tension of the exchanged region in RK13-UL34-LapCT100
resulted in the abrogation of complementation despite con-
tinuing pUL31 recruitment (Fig. 2). RK13-UL34-LapNT cells
were unable to support virus replication to titers exceeding
those on noncomplementing RK13 cells (Fig. 4D).

Plaque diameters of PrV-AUL34 reached wild-type-like val-
ues on RK13-UL34, RK13-UL34-LBRTM, and RK13-UL34-
EMDTM (Fig. 5). In contrast, although RK13-UL34-LapTM
cells produced titers similar to those of RK13-UL34 cells,
plaque size was decreased and reached only approximately 50%
of that of PrV-Ka, while plaque size decreased to approximately
70% on RK13-UL34-LapCT50 (Fig. 5). Surprisingly, although
RK13-UL34-LapCT100 did not enhance virus production (Fig.
4D), compared to that of noncomplementing RK13 cells the
plaque size was increased from only tiny foci to measurable
plaques, reaching 30% of the size of those of PrV-Ka. RK13-
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FIG 2 Localization of pUL34 and pUL34 chimeras. RK13 cells were transfected either singly with pcDNA-UL34, pcDNA-UL34-LBRTM, pcDNA-UL34-
EMDTM, pcDNA-UL34-LapTM, pcDNA-UL34-LapCT50, pcDNA-UL34-LapCT100, or pcDNA-UL34-LapNT, (A) or cotransfected with pcDNC-UL31, (B).
Cells were fixed, and expressed proteins were detected with monospecific anti-pUL31 rabbit and anti-pUL34 mouse serum. Nuclei were counterstained with
TO-PRO-3 (Invitrogen). Images were recorded with a laser-scanning microscope (LSM 510; Zeiss). Scale bars, 5 um.

UL34-LapNT did not support efficient cell-cell spread beyond
that observed on RK13 cells (Fig. 5).

Ultrastructural analyses. To investigate the complementation
of PrV-AUL34 on cell lines expressing the pUL34 chimeric pro-
teins in more detail, cells were infected in parallel at an MOI of 1
with PrV-AUL34 and processed for high-resolution transmission
electron microscopy after 14 h. Ultrastructural analyses of in-
fected cells expressing transmembrane domain substitutions
(pUL34-LBRTM, pUL34-EMDTM, and pUL34-LapTM) showed
immature capsids as well as numerous nucleocapsids in the nu-
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cleus, primary enveloped virions in the perinuclear cleft, budding
stages into membranous vesicles in the cytoplasm, and mature
virions on the cell surface (Fig. 6). This pattern is similar to that
observed in cells infected by wild-type PrV-Ka (19). After infec-
tion of RK13-UL34-LapCT50 cells, wild-type-like replication
stages were observed (Fig. 7A and B). In contrast, extranuclear
capsids were not detectable in infected RK13-UL34-LapCT100 or
RK13-UL34-LapNT cells, although the nuclei were filled with
DNA-containing capsids, a phenotype resembling that of RK13
cells infected with PrV-AUL34 (Fig. 7C to F) (28).
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FIG 3 Western blot analysis. Lysates of RK13, RK13-UL34, RK13-UL34-
LBRTM, RK13-UL34-EMDTM, RK13-UL34-LapTM, RK13-UL34-LapCT50,
RK13-UL34-LapCT100, and RK13-UL34-LapNT cells were separated on SDS-
10% polyacrylamide gels. After transfer to nitrocellulose, the membrane was
incubated with the polyclonal monospecific rabbit anti-pUL34 serum. The
location of molecular mass markers is indicated on the left.

DISCUSSION

In this study, we aimed at further delineating the targeting and
functional motifs in PrV pUL34. To this end, different parts of
pUL34 were replaced by corresponding regions of the cellular pro-
teins Emerin, LBR, and Lap2f3, thereby generating chimeric pro-
teins.
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FIG 5 Plaque sizes. RK13, RK13-UL34, RK13-UL34-LBRTM, RK13-
UL34-EMDTM, RK13-UL34-LapTM, RK13-UL34-LapCT50, RK13-
UL34-LapCT100, and RK13-UL34-LapNT cells were infected with PrvV-Ka
(gray columns) and PrV-AUL34 (black columns). Cells were fixed 2 days
postinfection, and plaque diameters were measured microscopically.
Plaque sizes of PrV-Ka on the corresponding cell line were set as 100%, and
diameters of plaques or foci were calculated accordingly. Given are mean
values from three independent experiments and corresponding standard
deviations.
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FIG 4 One-step growth kinetics. RK13, RK13-UL34, RK13-UL34-LBRTM, RK13-UL34-EMDTM, RK13-UL34-LapTM, RK13-UL34-LapCT50, RK13-UL34-
LapCT100, and RK13-UL34-LapNT cells were infected at an MOI of 3 with either PrV-Ka (A and C) or PrV-AUL34 (B and D). Cells were harvested after 0, 4,
8, 12,24, and 36 h, and progeny virus titers were determined on RK13-UL34 cells. Given are mean values from three independent experiments with correspond-
ing standard deviations.
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FIG 6 Ultrastructural analysis of TM substitutions. RK13-UL34-LBRTM (A and B), RK13-UL34-EMDTM (C and D), and RK13-UL34-LapTM (E and F) were
infected with PrV-AUL34 at an MOI of 1 and processed for electron microscopy 14 h after infection. On the left overviews of infected cells are shown, and higher
magnifications are given on the right. Primary enveloped virions are marked by asterisks, intracytoplasmic nucleocapsids by arrows, intracytoplasmic nucleo-
capsids undergoing secondary envelopment by closed triangles, and enveloped intracytoplasmic virions in vesicles by open triangles. Bars correspond to 3 (A),

2(B),1.4(C),1(D),3 (E), and 1 um (F).

pUL34-LBRTM, pUL34-EMDTM, and pUL34-LapTM. The
replacement of the TM domain, including the C-terminal amino
acids of pUL34 by TM domains of LBR, Emerin, and Lap2p3, re-
sulted in chimeric proteins which efficiently complemented the
replication of PrV-AUL34. Thus, the role of this region of the
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protein in nuclear egress, including primary envelope formation
and fusion, is not virus specific but can be supplied by heterolo-
gous sequences. Even the extension of the C-terminal domain,
which could protrude into the perinuclear space, did not affect
primary virion formation, nuclear egress, or the release of infec-
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FIG 7 Ultrastructural analysis of Lap2{3-Chimera. RK13-UL34-LapCT50 (A and B), RK13-UL34-LapCT100 (C and D), and RK13-UL34-LapNT (E and F) were infected with
PrV-AUL34 at an MOI of 1 and processed for electron microscopy 14 h after infection. On the left overviews of infected cells are shown, and higher magnifications are given on
the right. Bars correspond to 2 (A), 1.4 (B), 5 (C), 3 (D), 5 (E), and 3 wm (F). In panel B, the primary enveloped virion is marked by an asterisk, an intracytoplasmic nucleocapsid
by an arrow, an intracytoplasmic nucleocapsid undergoing secondary envelopment by a closed triangle, and an enveloped intracytoplasmic virion in a vesicle by an open triangle.
No extranuclear virus particles are present in panels C to F, whereas intranuclear DNA-filled capsids are clearly visible.

tious virions, which shows that any hypothetical recruitment of The full complementation of plaque formation was observed
cellular proteins to mediate primary envelope formation and/or  for cell lines expressing pUL34-LBRTM and pUL34-EMDTM. In
fusion must either be effected by regions outside the altered area  contrast, pUL34-LapTM-expressing cells complemented the
or be a property of both TM and C-terminally extended areas. plaque formation of PrV-AUL34 to only approximately 50%
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compared to that of PrV-Ka, although formation of infectious
progeny comparable to that of infection with PrV-Ka could be
observed. Recently, a critical role for HSV-1 pUL34 in cell-to-cell
spread has been suggested (21), and it had been speculated that
HSV-1 pUL34 influences cell-to-cell spread indirectly by targeting
of proteins toward the cell periphery. Thus, our chimeric pUL34-
LapTM may have a defect in this function which could be due to
the extension of the C-terminal domain, since smaller C-terminal
extensions represented by pUL34-LBRTM and pUL34-EMDTM
had no effect on plaque formation.

pUL34-LapCT50. Another chimeric protein was based on
pUL34-LapTM but carried an extension of the alteration encom-
passing the 50 C-terminal pUL34 residues with Lap2f3 aa 374 to
452. In cotransfection experiments, the colocalization of pUL34-
LapCT50 with pUL31 confirmed that pUL34 aa 212 to 262 are not
essential for interaction with pUL31. In one-step growth kinetics
with the PrV-AUL34 deletion mutant, a ca. 10-fold reduction in
the production of infectious progeny was observed. However, rep-
lication still was significantly better than that on noncomplement-
ing RK13 cells. Plaque size was reduced to 70% of wild-type levels,
which correlates with the one-step replication phenotype. Thus,
aa 1 to 211 are sufficient for pUL34 function despite producing
reduced titers and plaque sizes.

pUL34-LapCT100. We also extended the altered region preced-
ing the transmembrane domain toward the N terminus of pUL34,
retaining only aa 1 to 162 of authentic PrV pUL34. This region has
been shown to be sufficient to interact with pUL31 in yeast two-
hybrid analyses (13). The corresponding chimeric pUL34-LapCT100
still was targeted to the nuclear envelope and was able to colocalize
with and relocate pUL31 to the nuclear rim, demonstrating that the
pUL31 interaction domain was intact and correctly folded. The for-
mation of speckles as observed during coexpression of wild-type
pUL34 and pUL31 (31) also was evident, indicating that the chimeric
protein can induce sufficient membrane curvature to form primary
capsid-less (L) particles. After infection with PrV-AUL34, RK13-
UL34-LapCT100 cells exhibited numerous DNA-containing capsids,
sometimes close to the INM. However, neither intracytoplasmic vi-
rus particles nor primary envelopment stages were observed. This
result suggests that correct membrane anchoring and interaction
with pUL31 is not sufficient for pUL34 function in primary envelop-
ment and nuclear egress. It can be speculated that the region adjacent
to the pUL31 interaction domain and preceding the transmembrane
domain (aa 163 to 211) is required for either direct or indirect inter-
action with the nucleocapsid. Interaction between HSV-1 pUL34 and
the major capsid protein VP5 has been described (60). However,
since the major substrates for primary envelopment are DNA-filled
capsids, it is more likely that a C capsid-specific component, either
pUL25 alone (30) or a complex of pUL25/pUL17 (57), is targeted.
Direct interactions between the NEC and the C capsid have been
suggested recently for PrV and HSV-1 but with contradictory results
(33, 58). The absence of primary L particles in PrV-AUL34-infected
RK13-pUL34-LapCT100 cells likely is due to the presence of pUS3,
which allows for the efficient fusion of these vesicles with the outer
nuclear membrane (31).

The amino acid sequences of herpesvirus pUL34 homologs
exhibit high conservation from the N terminus to approximately
amino acid position 170 in PrV pUL34, comprising the region
shown to interact with pUL31 in PrV, HSV-1, and MCMV (6, 13,
34), while homology is low beyond that part. Despite the low
conservation, this region is of functional importance. A deletion
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mutant of the MCMYV pUL34 homolog lacking amino acids 178 to
277 (of 316 residues) showed behavior similar to that of pUL34-
LapCT100. Complex formation with the pUL31 homolog was un-
impaired, but the corresponding viral deletion mutant could not
be complemented. In contrast, a mutant lacking only aa 207 to 277
fully complemented the defect (6), delineating this essential re-
gion between aa 178 (aa 1 to 178 have been shown to be sufficient
to interact with the pUL31 homolog) and 207, which contains a
polyproline stretch (6). However, charged cluster mutants in this
region of HSV-1 pUL34 which should disrupt protein-protein
interactions had no effect in complementation assays (4). Thus,
further studies are required to define in more detail this region of
interest.

pUL34-LapNT. The chimeric protein in which the N-terminal
100 amino acids of pUL34 were replaced by the 151 N-terminal
amino acids of Lap2 3, including the LEM and a LEM-like motif, still
showed nuclear rim staining indicative of proper targeting to the nu-
clear membrane. However, interaction with coexpressed pUL31 was
not detectable. In HSV-1 pUL34, aa 137 to 181, corresponding to aa
123 to 167 in PrV pUL34, were shown to be sufficient for complex
formation with pUL31 (34), whereas in our yeast two-hybrid studies
pUL34 clones interacting with the pUL31 bait contained pUL34 se-
quences from aa 1 up to atleastaa 162 (13). Due to the lack of pUL31-
pUL34 interaction, it was not surprising that this chimera did not
support virus replication, since NEC formation is required for effi-
cient nuclear egress (reviewed in references 25 and 38—40).

In summary, our data show that the alteration of the trans-
membrane domain of pUL34 as well as the addition of more
C-terminal, putatively periplasmic amino acids do not interfere
with the intracellular localization or function of pUL34 in nuclear
egress. In contrast, both the N-terminal and the C-terminal do-
mains contain essential functions necessary for interaction with
the complex partner pUL31 for intrinsic pUL34 function, respec-
tively.
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