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During the herpesvirus replication cycle, viral transcription, DNA replication, formation of cap-
sids and DNA packaging occur in the nucleus. The subsequent nuclear egress of newly synthe-
sized nucleocapsids is performed by budding of the inner leaflet of the nuclear membrane, which 
creates the primary envelope. Although products of two genes conserved throughout the Herpes-
viridae family (HSV-1 UL34 and UL31) have previously been shown to be involved in the execu-
tion of this process, the molecular basis of their activity is not clear. Here we present results of 
protein structure prediction for the conserved domain of UL34. The applied methodology sug-
gests that this protein adopts a pleckstrin homology (PH) fold to perform its function. A detailed 
inspection of the ligand binding site strongly supports the hypothesis that UL34 orthologs can 
recognize phosphoinositides. Since previous works suggest that alterations of UL34 gene product 
result in a drastic impairment of primary envelopment of HSV-1 and trapping of capsids in the 
nucleus,  the presented data may lead to the development of novel anti-herpetic therapeutic strat-

egies where analogs of phosphoinositides are administered.
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INTroDUcTIoN

The herpesviruses are important infectious 
agents of various acute conditions, including severe 
encephalitis induced by HSV-1, congenital disorders 
(CMV) and neoplasia (EBV, HHV8). With eight dif-
ferent viruses infecting human, the extremely high 
seroprevalence and the ability to induce latent infec-
tions — Herpesviridae remains a challenging patho-
gen for both basic and applied research.

During the herpesvirus replication cycle, vi-
ral transcription, DNA replication, formation of nu-
cleocapsids and DNA packaging is performed in the 
cell nucleus. To form the mature virions the nucleo-
capsids directs to cytoplasm by budding of the in-
ner leaflet of the nuclear membrane, which creates 
the primary viral envelope (Mettenleiter et al., 2006). 

Products of two viral genes homologous to HSV-1 
UL34 and UL31 — has been previously identified 
as critical for the execution of this process (Metten-
leiter, 2002). 

The UL34 gene encodes a C-terminally an-
chored membrane protein (pUL34) located in the 
nuclear membrane leaving the majority of the pro-
tein exposed on the nuclear side (Reynolds et al., 
2001). The product of UL31 (pUL31) is a phospho-
protein targeted to the nuclear membrane in the 
presence of pUL34 (Reynolds et al., 2002). Both pro-
teins were shown to interact in both GST pull down 
and two-hybrid yeast system (Fuchs et al., 2002) and 
mutations of the UL34 gene product resulted in a 
decreased primary envelopment of HSV-1 with trap-
ping of newly synthesized nucleocapsids in the nu-
cleus (Mettenleiter 2002). 

Corresponding author: Lucjan S. Wyrwicz, Department of Gastroenterology, Maria Sklodowska-Curie Memorial Cancer 
Center and Institute of Oncology, W.C. Roentgena 5, 02-781 Warszawa, Poland; tel: (48) 22 546 2933; fax: (48) 22 644 0209; 
e-mail: lucjan@bioinfo.pl
Abbreviations: CMV, Cytomegalovirus; CDD, Conserved Domain Database; EBV, Epstein–Barr virus; gi, GenBank identi-
fier; GST, glutathione S-transferase; HSV-1, Herpes simplex virus 1; INM, inner nuclear membrane; PH, pleckstrin homol-
ogy; PDB, Protein Data Bank.

Vol. 55 No. 1/2008, 207–213

on-line at: www.actabp.pl



208            2008L. S. Wyrwicz and others

Previously reported studies of point and de-
letion mutants of pUL34 positioned the region in-
volved in a direct interaction with pUL31 as span-
ning a 45 amino acid interval located between co-
dons 137 and 181 of the HSV-1 UL34 open reading 
frame (Liang & Baines, 2005). Further characteriza-
tion of pUL34 by Bjerke et al. (2003) by means of 
non-reconstituting pUL34 mutants in a UL34-defi-
cient HSV-1 model strain, defined six short patches 
of charged amino acids essential for the activity of 
this viral protein. 

Since the both mentioned proteins involved 
in the execution of viral envelopment possess no 
detectable homology to any proteins of known func-
tion, the overall picture of their molecular activity 
remains unclear. Ogg et al. (2004) hypothesized that 
there are at least three non-mutually exclusive ways 
by which pUL34 could facilitate nuclear egress. 
The authors pointed out the possibility that  pUL34 
might either directly mediate the envelopment, 
through bridging interactions between the nucleo-
capsid and the inner nuclear membrane, or, alterna-
tively, mediate the traffic of other important nuclear 
egress factors. Finally, they postulated that pUL34 
might affect the architecture of the nuclear lamina 
(lining the interior face of the nuclear envelope) in 
order to allow nucleocapsids access to the envelop-
ment machinery (Scott & O’Hare, 2001). 

A number of studies applying methods of 
protein structure prediction to elucidation of the 
molecular background of the activities of evolution-
ary divergent herpesvirus gene products have been 
published recently. These included: invasion factors 
(glycoprotein L (Wyrwicz & Rychlewski, 2007b), 
HSV-1 UL45 (Wyrwicz et al., 2008)), transcriptional 
regulators (homologues of EBV BcRF1 (Wyrwicz & 
Rychlewski, 2007c), Alphaherpesvirinae ICP4 (Wyr-
wicz & Rychlewski, 2007a)) and CMV anti-viral re-
sponse attenuator gpUL37 (Wyrwicz & Rychlewski, 
2008). Here, we present the results of protein struc-
ture prediction and analysis for the conserved do-
main of pUL34. 

MATerIALS AND MeTHoDS

The identification of UL34 orthologs and as-
sembly of UL34 family. The conserved domain of 
HSV-1 pUL34 was retrieved from the PfamA da-
tabase (Finn et al., 2006) entry under the accession 
code PF03582. It was subsequently scanned for 
distant homologues in form of other PfamA en-
tries using MetaBasic (Ginalski et al., 2004). The se-
quences of HSV-1 UL34 (PF03582; gi|9629415) and 
its orthologs — CMV UL50 (PfamA entry: PF04541; 
GenBank: gi|157780067) and EBV BFRF1 (PF05900; 
gi|82503207) — were retrieved from National Cent-

er for Biotechnology Information protein database. 
A set of distant homologues was obtained by PSI-
BLAST searches against the NR (non-redundant) 
NCBI database (as accessed on 01/12/2007) (Altschul 
et al., 1997). The search was executed until profile 
convergence, with the E-value cutoff for inclusion in 
the profile set equal to 0.001. The obtained collection 
of homologues was merged into a single set and 
clustered at 90% of sequence identity using the CD-
HIT tool to remove redundancy (Li & Godzik, 2006). 
The resulting sequences were aligned with ClustalW 
(Thompson et al., 1994) with subsequent minor man-
ual corrections. Potential active site residues were 
annotated by an overlap of two datasets consisting 
of: (a) data on point mutants which did not reconsti-
tute native activity of pUL34 in the UL34-null HSV-
1 model (Bjerke et al., 2003), (b) residues conserved 
throughout the assembled alignment of pUL34 or-
thologs from three subfamilies of Herpesviridae (com-
pare Fig. 1).

Fold recognition of the UL34 protein. The an-
notation of potential globular regions was performed 
with GlobPlot (Linding et al., 2003). The sequences 
of the conserved globular domain of pUL34 from 
three subfamilies of Herpesviridae were subjected to 
the Structure Prediction Meta Server (http://bioinfo.
pl/meta) (Bujnicki et al., 2001). Secondary structure 
prediction was performed with PsiPred (McGuffin 
et al., 2000) and ProfSec (Rost & Sander, 1993) via 
Meta Server. Collected models were sorted accord-
ing to the results of a consensus fold recognition 
prediction method — 3D-Jury (Ginalski et al., 2003).  
Since no predictions achieved a reliable score in 
3D-Jury, manual inspection of conserved active site 
residues within query-hits alignments collected from 
MetaServer results was performed. 

reSULTS AND DIScUSSIoN

The MetaBasic distant homology mapping 
performed for HSV-1 UL34 confirmed the existence 
of HSV-1 UL34 orthologs throughout the whole fam-
ily of Herpesviridae. These included the previously 
reported sequences of CMV UL50 of Betaherpesvirinae 
deposited in the PfamA database entry PF04541 and 
EBV BFRF1 of Gammaherpesvirinae (PfamA: PF05900; 
Table 1). Multiple iterations of PSI-BLAST searches 
(see Methods) resulted in a set of 52 homologous 
sequences. Filtering at 90% identity resulted in a re-
duced, non-reduntant set of  39 sequences (18, 8 and 
13 sequences from Alpha-, Beta- and Gammaherpesvir-
inae, respectively).

The above-mentioned sequences of conserved 
globular domains of pUL34 homologues (represent-
ing all subfamilies of Herpesviridae) were submitted 
to the Protein Structure Prediction MetaServer and 
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the 3D-Jury prediction assessment system. Since no 
reliable predictions were identified by the standard 
procedure of protein homology modeling (3D-Jury 
score >50 (von Grotthuss et al., 2003; Ginalski et al., 
2005)), additional screening of the potential active 
site was performed (Koczyk et al., 2007). 

To increase the confidence of predicting the 
likely structure of UL34 homologues, we identified 
invariant residues within the alignment of the three 
subfamilies from Fig. 1 and compounded them with 
the positions of six non-complementing charged-
cluster mutants (reported by Bjerke et al., 2003). Of 
the about 150 residues forming a potential globular 
domain (according to a compilation of GlobPlot and 
secondary structure prediction methods, as reported 
previously (Wyrwicz et al., 2007; Wyrwicz & Rych-
lewski, 2007a)) only three residues were preserved 
in all analyzed sequences. These included: the gluta-
mate E67, aspargine N89 and glycine G91 of HSV-1 
pUL34 (GenBank gi|9629415), which corresponded 
to CMV (Betaherpesvirinae; GenBank gi|157780067) 
residues 56, 76 and 78, and EBV (Gammaherpesviri-
nae; GenBank gi|82503207) residues 59, 84 and 86, 
respectively. One of these three residues (E67) was 
localized in the region of a non-complementing mu-
tation — CL06 of the Bjerke et al. (2003) study. The 
two remaining conserved amino acids (N89, G91) 
were not assessed in the mentioned report.

Among the collection of predictions obtained 
with the Protein Structure Prediction MetaServer, we 
observed a single sequence matching all three critical 
residues described above — the pleckstrin homology 
(PH) domain of protein kinase B (Akt; Protein Data 
Bank PDB accession: 1h10, chain A), as predicted by 
the 3D-PSSM method (Kelley et al., 2000)  for CMV 
pUL34 ortholog. Further circumstantial evidence 
was provided by the fact that three out of ten top-
scoring predictions by this method also exhibited a 
consistent PH domain-like fold. Also, this fold was 
predicted for CMV protein by INUB (Fischer, 2003), 
for HSV-1 pUL34 by FFAS3 (Jaroszewski et al., 2005), 
and for EBV by 3D-PSSM (the top-scoring hit).

Pleckstrin homology (PH) domains are small, 
100-residue long domains which occur in a large va-
riety of proteins associated with intracellular signal-
ing or the cytoskeleton (Haslam et al., 1993; Saraste 
& Hyvonen, 1995). The domain is involved in a wide 
range of biological processes, including binding to 
the γ and β subunits of heterotrimeric G proteins 
(Inglese et al., 1995), binding to lipids (Yan et al., 
2005), attachment to membranes (Cozier et al., 2004), 
and cytoskeleton organization (Lemmon et al., 2002). 
Although the binding properties of various PH do-
mains are highly divergent, crystallographic studies 
of several PH domain proteins revealed a common 
core structure of two perpendicular anti-parallel β 
sheets, followed by a C-terminal amphipathic helix 

(Yan et al., 2005).  With an extremely low sequence 
conservation throughout the family, no totally in-
variant residues seem to be critical for retention of 
the fold, and the length of the loops connecting the 
β-strands is highly variable. Thus, PH domains are 
relatively difficult to detect in the sequence (Saraste 
& Hyvonen, 1995). This fact is augmented by the 
presence of split PH domains, resulting from inser-
tions of other structurally and functionally distinct 
domains (Yan et al., 2005).

The initial identification of the fold was fol-
lowed by manual curation of the sequence-to-struc-
ture alignment according to both the predicted 
(PSIPRED (McGuffin et al., 2000)) and observed 
(PDB 1h10A) secondary structure elements (Fig. 1). 
Although a low sequence identity between the Akt 
kinase PH domain and the viral proteins was ob-
served (ranging between 10–16%, depending on vi-
rus subfamily), several additional tests supported 
this fold assignment. In particular, highly consistent 
predictions of secondary structure elements were 
observed. After refining the alignment with 3D-
Jury (Ginalski et al., 2003), we proceeded to map the 
strands creating the perpendicular β-sheets (Fig. 1). 
Also, the amphipatic helix was present in all pUL34 
orthologs. Notably, the local sequence conservation 
within the subfamilies of herpesvirus (Alpha-, Beta- 
and Gammaherpesviridae) seems strongly reduced 
outside the region mapped onto the PH fold (not 
shown). 

Preservation of the physicochemical proper-
ties of aligned residues within the conserved sec-
ondary structure elements can be noticed, especially 
within the following β-strands: beta-2 (β2), beta-4 
(β4) and beta-6 (β6). The  most conserved residues 
constitute a potential binding site which resembles 
a known phosphoinositide-binding module (Thomas 
et al., 2002). Four clusters of residues involved in the 
contact with the inositol 1,3,4,5-tetrakisphosphate 
molecule create a corresponding phosphoinositide-
binding site in the already determined structure of 
Akt kinase (PDB entry 1h10A). These clusters are 
located in the loop between strands β1 and β2, as 
well as within strands β2, β4 and β7. Of these, we 
observed partial preservation of the first site, with 
two residues totally conserved: the E67 residue and 
the asparagine (N) residue located proximally at β4 
strand.  Additionally, in Alphaherpesvirinae, the cen-
tral arginine (R) of β7 strand, involved in binding of 
phosphoinositides, is also preserved. Again, accord-
ing to the alignment, the most divergent residues are 
observed in the proximal part of β2 strand (where in 
the native structure two arginines stabilize the phos-
phate at position 3 of the inositol ring).

Apparently — as reported recently (Carpten 
et al., 2007) — a mutation of the glutamic acid in 
AKT1 (E17K), corresponding to the critical E67 in 
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HSV-1 pUL34, is a common somatic mutation in 
breast, colorectal and ovarian cancers. The mutation 
was identified as being responsible for altered mem-
brane localization and aberrant activation of the re-
lated kinase domain.

The phosphorylation of HSV-1 UL34 by vi-
ral kinase US3 was previously indicated as a major 
mechanism regulating its activity (Klupp et al., 2001; 
Ryckman & Roller, 2004). Such phosphorylation site 
occurs outside of the conserved domain (C-terminal-
ly, not shown in the alignment). This regulation of 
activity of PH domains by post-translational modi-
fications, especially phosphorylation, has previously 
been reported (Nawaratne et al., 2006), and the PH 
domain represents one of top five phosphorylated 
domains in the PhosphoELM resources, with 17 
phosphorylation sites within various proteins (Diella 
et al., 2007). 

In conclusion of our study, the described bio-
informatics analysis strongly supports the hypothesis 
that nuclear egress factor pUL34 and its orthologs 
from all herpesviruses retain the fold of a pleckstrin 
homology domain (PH fold). To our knowledge this 
fold has not been previously observed in any viral 

protein. Although the PH domain realizes a wide 
range of functions, its general property focuses on 
binding of either small ligands or proteins. Thus it 
mainly acts as a regulatory interface for protein–pro-
tein or protein–membrane interactions of modular 
proteins. With such a low sequence conservation 
(10–16%), we are unable to provide an undisputable 
evidence for the postulated recognition of phosph-
oinositols using bioinformatics and in this respect 
additional biochemical assays are needed. Never-
theless, the suggested mechanism is supported by 
previously published data. The disruption of one of 
the most conserved (essential) amino acids in pUL34 
results in alteration of both the nuclear egress of 
virions and the correct internal nuclear membrane 
(INM) localization (CL06 mutant in Bjerke et al. 
(2003) study). The fact that a similar phenotype 
is only observed when the C-terminal transmem-
brane-spanning region is deleted from native pUL34 
further corroborates our hypothesis. Therefore we 
venture to speculate that the binding module of the 
PH-fold domain of pUL34 is indeed essential for in-
teraction with INM, in correspondence with the first 
of the mentioned hypotheses put forth by Ogg et al. 

Table 1. Summary of distant similarity mapping of Alphaherpesvirinae UL34 PfamA family (PF03582) with MetaBasic, 
Psi-Blast and RPS-Blast (the latter two accessed via MetaBasic)

PfamA ID PfamA name Taxonomy range MetaBasic score PsiBlast score 
(p value)

RPS-Blast score
(p value)

PF04541 Herpesvirus virion protein 
U34 Betaherpesvirinae 69.54 0.004 0.005

PF05900 Gammaherpesvirus BFRF1 
protein Gammaherpesvirinae 64.24 0.21 0.12

Figure 1. Alignment of HSV-1 UL34 orthologs from three subfamilies of Herpesviridae and Akt kinase pleckstrin ho-
mology (PH) domains.
Alphaherpesvirinae — PfamA family PF03582: HSV1 — Human simplex virus 1, HSV2 — Human simplex virus 2, VUHV 
— Vulture herpesvirus, GHV2 — Marek’s disease virus (Gallid herpesvirus 2), CHV1 — Cercopithecine herpesvirus 1, 
CHV2 — Cercopithecine herpesvirus 2, GHV3 — Gallid herpesvirus 3, SHV1 — Suid herpesvirus 1, HHV3 — Varicella 
Zoster virus (Human herpesvirus 3), MEHV — Meleagrid herpesvirus 1, DEHV — Duck enteritis virus, BHV1 — Bovine 
herpesvirus 1, EHV1 — Equid herpesvirus 1, BHV5 — Bovine herpesvirus 5, CHV9 — Cercopithecine herpesvirus 9, 
HGTH — Hawaiian green turtle herpesvirus, PHV1 — Psittacid herpesvirus 1, GHV1 — Gallid herpesvirus 1; Betaherpes-
virinae — PF04541: HCMV — Human cytomegalovirus (Human herpesvirus 5), CCMV — Chimpanzee cytomegalovirus, 
CHV8 — Cercopithecine herpesvirus 8, MHV2 — Murid herpesvirus 2, TUHV — Tupaia herpesvirus, MHV1 — Murid her-
pesvirus 1, HHV6 — Human herpesvirus 6, HHV7 — Human herpesvirus 7; Gammaherpesvirinae — PF05900: BHV4 — Bo-
vine herpesvirus 4, OHV2 — Ovine herpesvirus 2, MFRV — Macaca fuscata rhadinovirus, HHV8 — Human herpesvirus 
8, ALV1 — Alcelaphine herpesvirus 1, EHV2 — Equid herpesvirus 2, MMRV — Macaca mulatta rhadinovirus, AHV3 
— Ateline herpesvirus 3, SMV2 — Saimiriine herpesvirus 2, CH15 — Cercopithecine herpesvirus 15, EBV — Epstein-
Barr virus (Human herpesvirus 4), MHV4 — Murid herpesvirus 4, CHV3 — Callitrichine herpesvirus 3. Akt kinase PH 
domains were retrieved from Conserved Domain Database (CDD) entry cd01241. The sequences of UL34 orthologs were 
extracted from the corresponding GenBank entries (coded in the alignment with GenBank identifier gi). Numbers in 
brackets refer to the number of amino acids removed for clarity. The observed (PDB: 1h10A) and predicted (PsiPred 
predictions for PfamA consensus sequences) secondary structure elements are coded with letters: H — α-helix, E — β-
strand (extended). Clusters of charged residues from non-reconstituting mutants by Bjerke et al. (2003) located within the 
analyzed domain and residues conserved throughout the UL34 family are marked above the alignment. Amino acids in-
teracting with the phosphoinositide (inositol 1,3,4,5-tetrakisphosphate; according to PDB entry 1h10A)  are marked with 
asterisks below the alignment.
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(2004) (i.e., direct mediation of envelopment through 
bridging interactions between the nucleocapsid and 
the inner nuclear membrane). 

Other corroborating evidence comes from 
the observation that the commonly found sorting 
of modular proteins to membranes, mediated by 
PH domains, is guided by recognition of phosphoi-
nositides (Cozier et al., 2004; Takenawa & Itoh, 2006). 
Additionally, certain other phosphoinositide-binding 
domains can promote bilayer curvature by inserting 
into the membrane upon binding phosphoinositides 
(reviewed by Lemmon, 2003), in a process that re-
sembles the budding of the viral primary envelop-
ment pictured in electron microscopy (Mettenleiter, 
2002). 

Finally, the pUL34 molecule can preferably 
interact with nuclear membranes of cells, and the 
herpesvirus primary envelope derived from the nu-
clear membrane does differ from the secondary en-
velope obtained in the cytoplasm (Mettenleiter, 2004; 
Mettenleiter et al., 2006) (in terms of phospholipid 
content (Dygas & Baranska, 2001)). This seems likely 
to result in the lack of pUL34 localization to other 
membranes than INM. 

Although the proof of the direct mechanism 
used by pUL34 to perform its action is lacking, our 
finding is supported by the above-mentioned previ-
ous studies and is highly important in terms of pos-
sible clinical applications. Since the previous works 
suggested that alterations in the function of pUL34 
result in a drastic impairment of primary envelop-
ment of HSV-1 and trapping of nucleocapsids in the 
nucleus (Mettenleiter, 2002), the presented data may 
lead to the development of novel anti-herpetic thera-
peutic strategies – ones where analogs of phosphoi-
nositides are applied (Powis et al., 1995; Weglarz et 
al., 2006) similarly to the proposed targeting of mu-
tated Akt kinases (Carpten et al., 2007).
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