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Abstract
We report here the complete genome sequence of the squirrel monkey α-herpesvirus saimiriine
herpesvirus 1 (HVS1). Unlike the simplexviruses of other primate species, only the unique short
region of the HVS1 genome is bounded by inverted repeats. While all Old World simian
simplexviruses characterized to date lack the herpes simplex virus RL1 (γ34.5) gene, HVS1 has an
RL1 gene. HVS1 lacks several genes that are present in other primate simplexviruses (US8.5,
US10–12, UL43/43.5 and UL49A). Although the overall genome structure appears more like that
of varicelloviruses, the encoded HVS1 proteins are most closely related to homologous proteins of
the primate simplexviruses. Phylogenetic analyses confirm that HVS1 is a simplexvirus. Limited
comparison of two HVS1 strains revealed a very low degree of sequence variation more typical of
varicelloviruses. HVS1 is thus unique among the primate α-herpesviruses in that its genome has
properties of both simplexviruses and varicelloviruses.
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Introduction
Herpesvirus saimiri 1 (Saimiriine herpesvirus 1; HVS1) is an α-herpesvirus related to the
human herpes simplex viruses (HSV-1, HSV-2). HVS1 was originally isolated from
tamarins (Saguinus spp.) that succumbed to lethal generalized disease, hence its original
designation as Herpesvirus tamarinus or Herpes T (Holmes et al., 1964; Melnick et al.,
1964). Owl monkeys (Aotus trivirgatus) were found to be similarly susceptible to lethal
generalized infection by HVS1 (Burkholder and Soave, 1970; Emmons et al., 1968; Leib et
al., 1987a) but subsequent studies demonstrated that squirrel monkeys (Saimiri spp.) were
the natural host for this virus (Daniel et al., 1967; Emmons et al., 1968; Holmes et al., 1966;
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King et al., 1967). While there have been several suspected cases, there have been no
confirmed cases of human HVS1 infection.

Very little molecular work has been done with HVS1. HVS1 is most closely related to a
spider monkey herpesvirus (Ateline herpesvirus 1; HVA1), but also shows limited antigenic
cross-reactivity with α-herpesviruses of Old World monkeys as well as the human HSVs
(Desrosiers and Falk, 1981; Eberle et al., 1989; Hilliard et al., 1989; Mou et al., 1986).
While the HVS1 UL27 (glycoprotein gB) and UL23 [thymidine kinase (TK)] genes have
been sequenced (Eberle and Black, 1993; Otsuka and Kit, 1984), the structure of the HVS1
genome has not been resolved. Restriction analysis of the viral genome has shown that
HVS1 has both unique long (UL) and unique short (US) regions, but whether or not the UL
and US regions are both bounded by repeats and invert during replication as in the other
primate α-herpesviruses has not been resolved (Desrosiers and Falk, 1981; Leib et al.,
1987a).

The evolution of herpesviruses is a topic of considerable interest in that these viruses appear
for the most part to have co-evolved with their hosts (McGeoch and Cook, 1994). In
phylogenetic analyses based on coding sequences, the α-herpesviruses of primates
[excluding human varicella zoster virus (VZV) and simian varicella virus (SVV)] form a
phylogenetic clade (the simplexviruses) separate from most other mammalian α-
herpesviruses including VZV and SVV (the varicelloviruses). Within the simplexvirus
group, the viruses of humans, Old World monkeys, and New World monkeys each occupy a
separate branch (Eberle and Black, 1993; McGeoch et al., 2000, 2006). The complete
genome sequences of a number of primate simplexviruses (human, macaque, vervet, and
baboon) have been determined (Dolan et al., 1998; McGeoch et al., 1985, 1986, 1988;
Perelygina et al., 2003; Tyler et al., 2005; Tyler and Severini, 2006; Szpara et al., 2010),
allowing characteristics of the structural layout of these genomes to be compared. Such
analyses have identified many conserved features and genes, but also a few features in
which these viruses vary. The genome structure of HVS1 has not been determined, but is of
interest as a virus of South American primates representing a phylogenetic clade distinct
from the α-herpesviruses of humans and cercopithecine monkeys that have been sequenced.

As previously noted (Desrosiers and Falk, 1981), HVS1 is biologically similar to other
primate α-herpesviruses that are members of the simplexvirus subgroup. In a serological
survey of several hundred squirrel monkeys in a captive breeding colony, it was found that
>90% of adults had antibody to HVS1 (unpublished data). Monkeys undergoing primary
infections can develop ulcerative oral lesions, and HVS1 has been isolated from tongue
lesions, throat swabs, trigeminal ganglia, and brain tissue of infected squirrel monkeys
(Daniel et al., 1967; King et al., 1967; unpublished results). Owl monkeys, tamarins, and
marmosets all succumb rapidly to HVS1 infection, and lesions are histologically
indistinguishable from those produced by HSV-1 (Holmes et al., 1964). Rabbits infected
with HVS1 by intradermal inoculation develop latent infections in dorsal root ganglia
serving the site of inoculation as does HSV-1 (Leib et al., 1988; McCarthy and Tosolini,
1975). HVS1 also displays aggressive invasion and destruction of the central nervous system
in mice after inoculation by skin scarification (Breshears et al., 2001, 2005). Despite these
similarities to simplexviruses, some studies suggest that HVS1 may have a genome structure
like that of varicelloviruses (which includes most mammalian α-herpesviruses of non-
primate species) (Desrosiers and Falk, 1981). Also, it has been noted by several
investigators that restriction digests of viral DNA reveals remarkably similar patterns for
different HVS1 isolates (Desrosiers and Falk, 1981; Leib et al., 1987a, 1987b), reminiscent
of the low genomic sequence variation characteristic of VZV (Peters et al., 2006; Tyler et
al., 2007).
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In this communication we report the complete genome sequence of HVS1. The results
reveal that while in many respects the HVS1 genome is similar to those of other primate
simplexviruses in its genetic organization, HVS1 also exhibits a number of properties that
are characteristic of varicellovirus genomes.

Materials and Methods
Viral culture and nucleic acid purification

HVS1 strain MV-5-4 was originally isolated from a tamarin (Sanguinus spp.) (Holmes et al.,
1964) and was obtained from the American Type Culture Collection (ATCC; Manassas,
VA). HVS1 strain 4672 was isolated from an ulcerative lesion on the tongue of a young
squirrel monkey (Saimiri sciurens; Figure 1) housed at the Squirrel Monkey Breeding and
Research Resource at the University of South Alabama, Mobile, AL (currently located at the
Michale E. Keeling Center for Comparative Medicine and Research at the University of
Texas M. D. Anderson Cancer Center, Bastrop, TX). Virus stocks were prepared and titers
determined in Vero cells as described (Mou et al., 1986).

Viral DNA was purified from infected Vero cells as described (Hilliard et al., 1989). Briefly,
300 cm2 of confluent Vero cells were infected at an MOI of approximately 0.01 PFU/cell
and incubated at 37°C until the entire monolayer exhibited CPE. Infected cells were pelleted
from the media by centrifugation at 300 x g for 5 min and frozen at −80°C. Infected cell
pellets were thawed, resuspended in 4 ml digestion buffer [10 mM Tris (pH 8.0), 0.5% SDS,
5 mM EDTA, 40 μg/ml proteinase K] and incubated approximately 20 hrs at 37°C. EtBr was
added to a final concentration of 0.22 μg/ml, 6.0 ml NaI saturated 10 mM Tris (pH 8.0)
added, and centrifuged at 132,000 x g for 68 hrs. The cellular DNA band was removed by
side puncture of the centrifuge tube before the viral DNA band was removed. EtBr was
extracted with chloroform and DNA dialyzed for 24 hrs against 10 mM Tris/ 0.1 mM EDTA
at 4°C before being precipitated. Viral DNA was resuspended in 0.1 mM Tris and the
concentration determined by spectrophotometric analysis.

Total RNA was prepared from infected Vero cells for transcript analysis. Vero cells were
infected at an MOI = 5 PFU/cell and harvested by trypsinization into ice cold PBS at 3 or 8
hrs PI. Cells were pelleted at 300 x g for 5 min, resuspended in 50 μl DEPC-treated water,
and 450 μl RNAlater (QIAGEN) added. Samples were stored at −80°C until RNA was
extracted using the RNAeasy Mini Kit (Qiagen).

Sequencing
Initial sequencing was performed on a Genome Sequencer 20 (Roche) using the
manufacturer’s Shotgun Sequencing protocol. Sequencing was performed in a ¼ region of a
picotiter plate to an approximate depth of coverage of 40x and the data assembled with the
GS De Novo Assembler (Roche). A number of the resulting contigs were found to be
derived from the cell line used to culture the virus or otherwise too small to be of practical
use, and a total of 43 contigs were selected as the foundation for the final assembly. The
majority of the gaps were subsequently found to be small (often less than 20 bp) with the
exception of the RL/RS regions which was highly fragmented and underrepresented in the
GS20 sequencing data. In order to facilitate gap closure, a conventional plasmid based
shotgun library was also prepared using the TOPO Shotgun Subcloning Kit (Invitrogen).
Plasmid DNA was extracted using the Wizard SV or Wizard SV96 kits (Promega) and end
sequenced in order to orient them on the genome. Clones of interest were then sequenced
with custom primers in order to close sequence gaps. Gaps in regions not covered by
spanning clones were closed using conventional PCR with the aid of the FailSafe PCR
System (Epicentre). The resulting amplicons were gel purified or purified directly using
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Microcon PCR filter units (Millipore) and sequenced. Conventional sequencing was
performed on an ABI3730XL using BigDye 3.1 chemistry or a 3:1 mix of BigDye 3.1 and
dGTP chemistry supplemented with SequenceRx Enhancer Solution A (Invitrogen). The
combined data were assembled and edited using the Staden Package (Staden et al., 1999).

The sequences of the genomic termini were determined using a modification of the Rapid
Amplification of cDNA Ends (RACE) technique (Davison et al., 2003). In brief, genomic
viral DNA was blunt ended using the End-It kit (Epicentre) after which adaptors were
ligated on using the Marathon cDNA amplification Kit (Clontech). PCR was then performed
using a primer targeting the adaptor and one near the suspected 5′ terminus (nt 180–161;
AACTGGCACTGAGCCAAGTG) or one near the suspected 3′ terminus (nt 156244–
156263; CCTAGCTGGCGCTCGGCCAA). The resulting amplicons were purified as
described above and sequenced.

Transcript verification
The open reading frame (ORF) for a number of genes could not be identified/confirmed
based solely on similarity to known genes of other primate simplexviruses. In order to
confirm that predicted transcripts from these regions were produced, reverse transcriptase
PCR (RT-PCR) was performed on the targeted region using the One-Step RT-PCR kit
(Qiagen). RNA was first treated with DNase to ensure a positive result was not due to
residual DNA contamination. All reactions were performed in duplicate with one reaction
having the RT portion of the thermocycling profile omitted (reactions were subjected to the
95°C denaturing step for 15 min prior to the addition of template to inactivate the reverse
transcriptase). This control reaction was done to again ensure that no DNA contamination
was present. If the existence of a transcript was confirmed, the resulting amplicon was
sequence-verified and RT-PCR was continued until the full transcript sequence had been
obtained. These data were supplemented with RACE data using the Marathon cDNA
Amplification kit (Clontech) in order to obtain the transcript ends.

Inversion of UL region
Restriction analysis of HVS1 genomic DNA was performed using standard procedures.
Briefly, DNA (1 μg) was digested for 3 hrs and restriction fragments separated on a 0.5%
agarose gel run overnight at 35 volts. Gels were stained with EtBr, and viewed and
photographed under UV light. Restriction fragment sizes for the MV-5-4 strain of HVS1
were predicted using Informax Vector NTI software.

Sequence Analysis
Sequence analysis was facilitated by the tools available via the NCBI web-site. In addition
Artemis (Rutherford et al., 2000), Mega (Tamura et al., 2007), and LaserGene (DNAStar)
were employed at various stages. Protein sequence comparisons were performed using an in-
house perl script implementing the Needleman-Wunsch global alignment algorithm.
Transmembrane domains of herpesvirus proteins were predicted using the Web based
software TMHMM, from the Centre for Biological Sequence Analysis at the Technical
University of Denmark. Amino acid (AA) content, pI, protein charge and prediction of
glycosylation sites were determined using Informax Vector NTI and the PredictProtein Web
software (http://www.predictprotein.org) (Rost et al., 2004). The complete genome sequence
of HVS1 has been deposited in GenBank and assigned the accession number HM625781.
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Results and Discussion
General Genome Structure and Organization

The HVS1 MV-5-4 genome, as sequenced in this study, is 156,742 nt long and is organized
as illustrated in Figure 2. It consists of a long unique region (UL; 121,300 nt) and a short
unique region (US; 9,650 nt) that is flanked by an inverted repeat sequence (RS; 12,529 nt
each) analogous to the “c” repeats (or short repeats; RS) of HSV-1. This is a herpesvirus
genomic arrangement of type D structure as defined by Roizman & Pellett (2001) and is
similar to that of varicella-zoster virus (VZV) rather than the type E structure typical of
other primate simplexviruses. The overall G+C content is 67%, with the RS region having a
higher G+C content (77%) than the rest of the genome.

Unlike the human and Old World monkey viruses, the UL region of the HVS1 genome is
not flanked by inverted repeat sequences (analogous to the “b” repeats of HSV-1). Thus,
only a single copy of the putative LAT region plus the RL2 (ICP0) and RL1 (γ34.1) ORFs
are present in the HVS1 genome. Sequences analogous to the “a” sequence of HSV-1 are
present, but the key signal features required for packaging are divided between the 5′ and 3′
termini of the HVS1 genome and are only brought together when the viral genome is
circularized (see below). In this respect the HVS1 genome organization is also more like that
of varicelloviruses than simplexviruses. The portion of the “a” sequence present at the 3′
(right/RS) terminus is repeated in the internal copy of the RS at the boundary between the
UL and RS sequences.

Overall the genes identified in HVS1 are collinear with homologous genes of HSV-1 and
other primate simplexviruses, only with the UL1 ORF oriented next to the RS-US region.
However, a number of genes in both the UL and US region of HSV-1 that are present in all
other primate simplexviruses were found to be absent in HVS1 (see below). Also unlike the
other primate simplexviruses, the US1 ORF of HVS1 is located within the short inverted
repeats, and therefore is present in two copies.

There is a region in the HVS1 genome between the UL1 and RL2 ORFs that appears to
correspond to the LAT region of other primate α-herpesviruses. No ORF likely to encode a
protein is apparent in this region, but two poly-adenylation consensus motifs (AATAAA)
are present that correspond in position and orientation to those found in the LAT regions of
other primate simplexviruses. Although there is not significant sequence homology in this
region with other primate α-herpesvirus genomes, HVS1 may express LAT transcripts (and
possibly L/STs) analogous to those of other primate α-herpesviruses (Perng and Jones,
2010). However, experimental transcript mapping will be necessary to confirm this.

Genomic Termini and “a” Sequence
In addition to the RACE data identifying the genomic termini, the sequencing library
provided further confirmation of the 5′ (left/UL end) terminal sequence. During the course
of assembling the sequence data it was observed that one end of several plasmid clones
terminated at exactly the same position. The starting DNA for this library was randomly
sheared DNA, so it is highly improbable that any two clones would end at exactly the same
point unless they were derived from the terminus of the linear DNA. The RACE data
confirmed that this termination point was in fact the 5′ terminus of the genome. No clones
were identified which correlated with the 3′ terminus; however, this is not surprising as the
5′ terminus would predominate in a replicating viral culture (Severini et al., 1996).

The termini of the HVS-1 genome have different sequences and do not harbor an “a” direct
repeat as occurs in other α-herpesviruses. Rather the HVS1 termini structure closely
resembles that of HHV-6 with putative Pac1 and Pac2 sequences found on the 5′ (left/UL
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end) and the 3′ (right/US end) termini of the genome, respectively (Deng and Dewhurst,
1998; Thomson et al., 1994). As shown in Fig. 3A, the joined termini together with 27 bases
of the 5′ terminus repeated in the RS region constitute a Psc1/Pac2 packaging signal like that
found in HSV (Hodge and Stow, 2001).

Origins of Replication
Four putative origins of replication (Ori) were identified in the HVS1 genome. As in other
α-herpesviruses, one (OriL) is situated in the UL region (centered on nt 57,263) between the
UL29 and UL30 ORFs and is a perfect palindrome 146 nt in length. The nucleotide
sequence is highly similar to the OriL sequence of HSV-1 and other simplexviruses (Fig.
3B) in the putative binding sites for the origin binding protein. As in other α-herpesviruses,
two identical replication origins (OriS) are found in the RS regions. These origins are very
similar in sequence to OriL but they lack the rightmost part of the inverted repeat where Box
III is situated (Fig. 3B). Interestingly, this is the same structure found in the OriS of HSV-1
and HSV-2, but not of the other primate simplexviruses (SA8, HVP2 and BV) where OriS
and OriL are almost identical perfect palindromes (Perelygina et al., 2003;Tyler et al.,
2005;Tyler and Severini, 2006). The fourth putative replication origin (Ori4) is situated near
the left terminus of the HVS1 genome and is very similar in sequence and structure to OriS
(Fig. 3B). The presence of a fourth replication origin is a feature unique to HVS1 among all
sequenced α-herpesviruses.

Genome Isomerization
There are two conflicting reports in the literature regarding the structure of the HVS1
genome - whether it is a type D or type E genome (Desrosiers and Falk, 1981; Leib et al.,
1987a). Both studies utilized restriction digestion of viral DNA and densitometric analysis
of gels to determine the molarity of restriction fragments, with 0.25 M fragments being
indicative of a type E genome where four genomic isomers are produced during replication
due to inversion of both the UL and US regions. The sequence of the MV-5-4 genome
clearly indicates that only the US region is bounded by inverted repeats (a type D genome),
and so predicts that there should not be any 0.25 M restriction fragments. Comparing
predicted restriction fragments based on the genome sequence with published gels and gel
traces in the studies cited above proved difficult due to the size of the fragments of interest
(generally >10 Kbp) and the presence of multiple fragments of similar size.

To directly address this discrepancy, we sought experimental evidence for inversion of the L
region. Based on the genome sequence, the size and molarity of restriction fragments were
predicted for Age1, Sal1, Pst1 and Sph1, assuming either inversion or no inversion of the L
region (Fig. 4, bottom). DNA of both the MV-5-4 and 4672 strains of HVS1 were then
digested with these restriction enzymes, fragments separated on an agarose gel, and the
restriction fragment profile for each enzyme compared to the predicted results (Fig. 4). For
each restriction enzyme, the actual restriction profile was consistent with the lack of
inversion of the L region with regard to both the presence/absence of certain predicted
fragments and the relative molarity of fragments. As one simple and very clear example, if
the L region inverts, then Sal1 digestion should produce two fragments representing the two
ends of the L region (1.5 and 11.4 Kbp; 0.5 M each) and two fragments representing the L-S
joint region (16.4 & 6.5 Kbp; 0.5 M each). If however the L region does not invert, only the
1.5 Kbp L end and the 16.4 L-S joint fragment (both 1.0 M) would result. As shown in Fig.
4, there was no 11.4 Kbp L end or 6.5 Kbp L-S fragment evident for either HVS1 strain,
consistent with the lack of L inversion. These experimental data thus support the lack of
inversion of the L region of the HVS1 genome as concluded by Desrosier and Falk (1981).
However, given the variation in restriction profiles of American and European isolates of
HVS1 (Leib et al., 1987b) and the inconsistency of restriction fragments predicted from the
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genome sequence data with the results of Leib et al. (1987a), it is possible that the European
isolate used by these investigators may have a different genome structure from the American
HVS1 isolates used in this study. Another (albeit remote) possibility is that the HVS1
isolates used by Leib et al. (1987a) which were isolated from owl monkeys may not be
HVS1, but rather a very closely related virus of owl monkeys.

Open reading frames
As shown in Fig. 2, HVS1 has homologues of most ORFs found in other simplexviruses.
Based on AA sequence similarity, the predicted HVS1 proteins all had as their closest
homologue the corresponding protein of one of the other primate simplexviruses
(Supplemental Table 1). HVS1 predicted proteins have a much lower similarity with
homologous proteins of VZV or SVV than with the simplexviruses, indicating that HVS1 is
more closely related to the simplexviruses than the varicelloviruses despite its VZV-like
type D genome structure.

Previous phylogenetic analyses based on single genes (gB or TK) showed that while HVS1
does cluster with anthropoid and simian simplexviruses rather than with varicelloviruses, it
occupies a separate branch (together with the other New World simian α-herpesvirus HVA1)
within the simplexvirus clade (Eberle and Black, 1993; McGeoch et al., 2000, 2006). To test
the veracity of these results with regard to the placement of HVS1, phylogenetic analysis
was performed utilizing concatenated AA sequences of 7 conserved proteins [UL2 (uracil
DNA glycosylase), UL5 (helicase/primase subunit), UL19 (major capsid protein), UL27 (gB
glycoprotein), UL28 (DNA cleavage/packaging protein), UL29 (ssDNA binding protein)
and UL30 (DNA polymerase)] as described by McGeoch et al. (1995). As shown in Fig. 5,
HVS1 again occupies a separate branch within the simplexvirus clade. These results confirm
the inclusion of HVS1 in the simplexvirus group and also confirm that HVS1 occupies the
deepest branch within the simplexvirus clade.

If the hypothesis of co-speciation of herpesviruses is accepted, it would follow that the
simplexviruses of Old World primates (BV, HVP2 & SA8) should be more closely related to
the human HSVs than HVS1 is. While phylogenetic analyses using conserved genes are
consistent with this, the presence of an RL1 gene homologue in HVS1 (see below) while the
Old World simian simplexviruses lack one seems contradictory to this. However, there are
three other simplexviruses (bovine herpesvirus 2 and parma wallaby herpesviruses 1 & 2)
that also have an RL1 gene homologue and (based on phylogenetic analyses) are clearly
members of the simplexvirus clade. Like HVS1, these non-primate simplexviruses occupy a
separate branch of their own within the simplexvirus tree, with its branchpoint between that
of the Old World and New World simian viruses (McGeoch et al., 2000). The inclusion of
these non-primate viruses within what is otherwise a clade of primate viruses (the
simplexvirus clade) is not consistent with the co-speciation hypothesis unless these non-
primate viruses are the result of cross-species transmission of a primate virus. Considering
the presence of an RL1 homologue in these viruses, perhaps the absence of an RL1 gene
homologue in the Old World simian simplexviruses is more puzzling than the presence of
this gene in HVS1. This could represent a loss of the RL1 gene homologue in the Old World
monkey herpesvirus lineage, but sequencing of the HVA1 genome to confirm the presence
of an RL1 homologue is truly a feature of the New World α-herpesvirus1 lineage.

Divergent Genes
Putative ORFs corresponding in location to the UL56, US4 and US5 genes were evident, but
their predicted AA sequences exhibited virtually no similarity to corresponding proteins of
other primate simplexviruses. In HSV-1 the UL56 gene codes for a type II membrane
protein involved in pathogenicity (Berkowitz et al., 1994), while US4 and US5 code for
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envelope glycoproteins gG and gJ, respectively (McGeoch et al., 1985, 1987). These
proteins are among the least conserved among the primate simplexviruses (Tyler and
Severini, 2006), so it is not surprising that homologous ORFs for these genes are not readily
identifiable based on sequence similarity. In order to properly identify the correct ORFs for
these genes, regions of the HVS1 genome harboring these ORFs were first targeted by RT-
PCR to confirm that a transcript was produced from each region. RT-PCR in addition to
RACE PCR was continued in order to identify the boundaries of the complete transcripts
and to confirm the CDS (Table 1). Analysis of the predicted protein products of these three
genes were then compared to the analogous proteins of other primate simplexviruses to
determine if the HVS1 protein had similar properties that might suggest functional
homology despite the low level of sequence homology.

In HSV-2, the UL56 protein appears to be a type 2 membrane protein anchored in the
membrane by its C-terminal hydrophobic domain (Koshizuka et al., 2002; Davison, 2010).
The UL56 protein has several PPxY motifs that facilitate interaction with ubiquitin ligase
Nedd4 (Ushijima et al., 2008). Interacting with the myristilated tegument protein encoded
by UL11, the UL56 protein also functions in cytoplasmic transport of virions to the plasma
membrane and/or release of virions from the infected cell (Ushijima et al., 2009). Alignment
of UL56 AA sequences revealed very little sequence identity between the proteins of simian
and human viruses (not shown). Although the HVS1 UL56 showed slightly more AA
sequence homology with simian virus UL56 proteins than with the HSV UL56 proteins,
homology was still very low, there being no stretch of conserved sequence exceeding 4
consecutive AA residues. Despite the lack of AA sequence identity, the UL56 proteins of all
the primate simplexviruses including HVS1 have a Leu / Val-rich transmembrane domain of
18–23 AAs at the C-terminus of the protein, suggesting that like the HSV-2 UL56 protein
they are all type 2 membrane proteins. While the three PPxY motifs present in the HSV-1
and HSV-2 UL56 proteins are conserved in other simian simplexviruses, only one of these
PPxY motifs (the second) is present in the HVS1 UL56 protein. The human and simian
simplexviruses also have an Arg-rich domain between the second and third PPxY motifs that
is not present in the HVS1 UL56 protein. Despite the lack of extensive AA sequence
homology with other α-herpesvirus UL56 proteins, we consider it likely that the HVS1
UL56 protein functions similarly to the HSV UL56 protein.

Although the HSV-1 gJ glycoprotein encoded by the US5 gene has been shown to have anti-
apoptotic activity and to induce reactive oxygen species, little else is known about its
function (Aubert et al., 2008). The HVS1 US5 protein appears different from the gJ proteins
of other primate simplexviruses. It is considerably larger (222 AAs compared to 92–122
AAs for the gJ proteins of other primate simplexviruses). Like the gJ proteins of the other
primate simplexviruses, the HVS1 US5 protein has a predicted hydrophobic signal peptide
at the N-terminus, an N-linked glycosylation site (NxS/T), a predicted transmembrane
domain of 23 AAs, and a highly charged C-terminal domain of 20–22 AA. Sequence
homology between the US5 protein of HVS1 and the gJ proteins of other primate
simplexviruses is limited to a 4 AA sequence (GGLC) located within the predicted
transmembrane domain. The predicted extracellular domain of the HVS1 US5 protein has 5
Cys residues as compared to only one in HSV-2 gJ and none in the HSV-1, BV, SA8 &
HVP2 gJ glycoproteins, suggesting additional structure in the HVS1 US5 protein not found
in other gJ proteins. None of the primate virus gJ proteins (including HVS1) have the high
Pro/Ser/Thr content indicative of addition of O-linked glycosylation. Thus, it does appear
that the HVS1 US5 gene encodes a glycoprotein and, despite the lack of extensive AA
sequence homology, it may be functionally related to the gJ glycoprotein of other primate
simplexviruses.
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The HSV-1 and HSV-2 US4 ORFs code for glycoprotein gG, an envelope protein of
unknown function but which has been studied extensively for its virus-specific antigenic
properties (Ashley et al., 1988; Boucher et al., 1993; Frame et al., 1986; McGeoch et al.,
1987). In all primate simplexviruses except HSV-1, gG is a protein of about 600 AA which
is cleaved into a secreted portion and a membrane bound portion (mgG; 357 AA in HSV-2)
(McGeoch et al., 1987; Ohsawa et al., 2002; Perelygina et al., 2003; Su et al., 1987; Tyler et
al., 2005; Tyler and Severini, 2006). The mgG fragment is present in the virion envelope and
has a role in viral entry (Balachandran and Hutt-Fletcher, 1985; Su et al., 1987; Tran et al.,
2000). In contrast, gG of HSV-1 is a 238 AA envelope protein lacking the secreted fragment
(McGeoch et al., 1985). The putative product of the HVS1 US4 ORF is only 182 codons in
length and shows no clear AA sequence homology with any other simplexvirus gG protein
including that of HSV-1. However, prediction of transmembrane domains shows that the
putative HVS1 US4 protein is similar to gG of HSV-1 in that it has an N-terminal
hydrophobic signal sequence and a transmembrane domain at the C-terminus (not shown);
the mgG from HSV-2 and the simian simplexviruses have a different predicted structure,
with the large extracellular domain containing a cleavage site located between the signal
sequence and the transmembrane domain at the C-terminus. The gG proteins of the primate
simplexviruses (HSV-1 gG and the mgG of HSV-2 and the simian viruses) all have a stretch
of acidic AA residues (Asp/Asp), 1–2 N-linked glycosylation sites, and a high concentration
of Pro/Ser/Thr residues typical of regions where O-linked glycosylation occurs. The HVS1
US4 protein appears to lack all of these characteristics. Aside from its small size and the
presence of two hydrophobic domains, the HVS1 gG protein appears to bear little similarity
to the gG proteins of other primate simplexviruses.

Like all of the other simplexviruses or primates, HVS1 has a homologue of the immediate
early RL2 (ICP0) gene, although in the case of HVS1 this gene is present in only a single
copy. While HSV-1 and HSV-2 as well as the chimpanzee simplexvirus (unpublished
observation) have an RL1 (γ34.5) gene homologue, the cercopithecine monkey viruses (BV,
HVP2 & SA8) lack an identifiable RL1 homologue. It is therefore interesting that HVS1 has
an RL1 gene homologue. Both the RL1 and RL2 genes of HVS1 are spliced, and the HVS1
RL1 gene possess only minor regions of AA sequence similarity to RL1 genes of other
primate herpesviruses such that the predicted AA sequences lack sufficient similarity to
accurately identify the HVS1 RL1 ORF. The complete transcripts for the HVS1 RL1 and
RL2 genes were amplified and sequenced in order to determine the coding sequence
boundaries and splice sites (Table 1). In doing so it was found that the HVS1 RL1 and RL2
genes appear to be transcribed as a single unit as illustrated in Fig. 6. Although a consensus
poly-adenylation site (AATAAA) is present downstream of the RL1 ORF, it is located
approximately 500 bp 3′ of the RL1 termination codon and does not appear to be utilized (at
least in Vero cells in vitro).

In HSV-1, the RL1 (γ34.5) protein has some AA sequence homology with mammalian
protein phosphatase 1 regulatory subunit 15A (PP1r15A), dephosphorylates eIF-2α to
prevent shutdown of protein synthesis in the infected cell, facilitates virion egress, and plays
a central role in neurovirulence (Cheng et al., 2003; Chou et al., 1990; Chou and Roizman,
1994; He et al., 1997; Jing et al., 2004; MacLean et al., 1991a; Whitley et al., 1993). Unlike
the unspliced HSV-1 RL1 gene, the HVS1 RL1 gene is spliced, having three exons. The 852
bp sequence from 90 bp 5′ of exon 1 through exon 2 was 99.9% identical in the 4672 strain
of HVS1 (Table 2), indicating that the RL1 gene is not an artifact of one HVS1 isolate (see
below). The HVS1 RL1-encoded protein shows sequence homology with PP1r15A that is
similar to that between the HSV-1 and HSV-2 γ34.5 proteins and PP1r15A (Fig. 7),
suggesting that the RL1 protein of HVS1 may have some of the same functions as γ 34.5
does in HSV-1.
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Adjacent to the RL1 gene is the RL2 gene which in other α-herpesviruses encodes the
immediate early (IE) ICP0 protein. In all of the primate simplexviruses except HSV-2, the
RL2 gene is spliced and has three exons. The HVS1 RL2 gene is spliced, but has only two
exons as does the HSV-2 RL2 gene (McGeoch et al., 1991). The putative HVS1 ICP0
protein has a ring finger domain like ICP0 proteins of other primate simplexviruses, so the
HVS1 RL2 protein probably serves a similar function. Transcript mapping revealed that in
HVS1 the RL1/RL2 mRNA terminates 3′ of the RL2 ORF. Although northern blots were not
performed to detect the synthesis of multiple mRNAs, it is possible that in HVS1 the RL1
and RL2 genes are transcribed as a 3′ co-terminal set of mRNAs.

Missing Genes
ORFs corresponding to UL43/43.5, UL49A, US8.5, US10, US11, and US12 are missing
from the HVS1 genome. It is unlikely that these missing genes are the result of sequence
assembly errors since sufficient plasmid clones were sequenced in order to establish a tiling
path across the entire genome. The sequences obtained from these clones were logically
consistent with respect to orientation and insert size range indicating that the unique genome
arrangement for HVS1 is not a result of incorrect assembly of the sequence data. In addition
to the PCR results (Table 2) confirming this arrangement, the regions found to be lacking
particular genes were further scrutinized in order to rule out the possibility that a minor
misassembly could have resulted in a localized deletion of a short segment of sequence. All
of these regions of missing genes were found to also be covered by several plasmid based
sequence reads supporting the 454 sequence data. In addition, in all cases at least one
individual sequence read was found to span the entire region in question, further validating
the accuracy of the sequence.

The UL43 gene of HSV-1 [and homologues in certain γ-herpesviruses (Tugizov et al.,
2003)] codes for a membrane protein involved in infection of polarized epithelial cells, but it
is not essential for HSV-1 infection in cell culture or pathogenicity in the mouse model
(MacLean et al., 1991b). However, all α-herpesviruses that have been sequenced have a
UL43 gene homologue. In the HVS1 genome the UL42 ORF is separated from the UL44
ORF by 357 nucleotides, resulting in insufficient space for an additional ORF of ~1.1 Kbp
between them (the average size of other simplexvirus UL43 ORFs); the largest potential
ORF in this region is less than 80 bp long. The lack of a UL43 ORF in HVS1 was confirmed
by PCR amplification and sequencing of the UL42–UL44 intergenic region in both the
MV-5-4 and 4672 strains. A homologue of the HSV-1 ORF 43.5 which is antisense to UL43
is also not present in HVS1.

HVS1 also lacks a homologue of the HSV UL49A gene. In HSV and PRV, the UL49A gene
encodes a small membrane protein (glycoprotein gN) that interacts with the gM glycoprotein
and appears to function in virion morphogenesis (Adams et al., 1998; Crump et al., 2004).
Initial sequence analysis identified candidate ORFs located between UL49 and UL50, but
these were substantially shorter than other simplexvirus UL49A ORFs and did not exhibit
any AA sequence similarity with UL49A proteins of other simplexviruses. In HSV, UL49
and UL49A as assumed to be co-transcribed. For this reason the HVS1 UL49 transcript was
mapped and sequenced (Table 1). The 5′ boundary of the UL49 mRNA was found not to
extend into the region where the small potential UL49A ORFs are located. We therefore
conclude that it is unlikely that these ORFs encode proteins, and that HVS1 lacks a UL49A
gene.

US10, US11 and US12 ORFs are transcribed as three co-terminal mRNAs in HSV-1 (Rixon
and McGeoch, 1984), and this entire region is missing from the HVS1 MV-5-4 genome. The
absence of the US10/11/12 ORFs was confirmed in the 4672 isolate of HVS1. In HSV-1
US10 encodes a virion tegument phosphoprotein of uncertain function (Nishiyama et al.,

Tyler et al. Page 10

Virology. Author manuscript; available in PMC 2012 February 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1993; Yamada et al., 1997), US11 encodes an RNA binding protein that inhibits protein
kinase R and regulates viral gene expression (Attrill et al., 2002; Bryant et al., 2005; Khoo et
al., 2002; MacLean et al., 1991b), and US12 encodes an IE protein (ICP47) that is an
inhibitor of antigen presentation (Ahn et al., 1996; Hill et al., 1995; York et al., 1994).
Deletion of these genes (plus US9) from the HSV-1 genome does not affect viral replication
or neurovirulence in mice (Nishiyama et al., 1993). Despite the important role these proteins
fulfill in HSV-1, α-herpesviruses of non-primate mammalian species (e.g. bovine, equine
and porcine herpesviruses) lack these genes while all other primate simplexviruses have
homologues of them. Although VZV and SVV also lack homologues of the US11 and US12
genes, these two viruses have two copies of the US10 gene located within the short repeats
adjacent to the US1 gene (Gray et al., 1995). The lack of US10/11/12 homologues
represents another feature of the HVS1 genome that is distinct from those of other primate
simplexviruses.

Also absent in the HVS1 genome is a homologue of the US8.5 ORF. In other primate
simplexviruses this small ORF encodes a type 2 membrane protein and partially overlaps the
C-terminus of the US8 ORF which encodes glycoprotein gE (Davison, 2010; Dolan et al.,
1998; Georgopoulou et al., 1993; Ohsawa et al., 2002; Perelygina et al., 2003; Tyler et al.,
2005; Tyler and Severini, 2006). None of the predicted AA sequences derived from the three
reading frames immediately 3′ of the HVS1 US8 ORF (corresponding to sequences
encoding the C-terminal half of US8.5 proteins) showed significant homology with any of
the simplexvirus US8.5 AA sequences. The US8–US9 intergenic region in other
simplexviruses is about ~350 bp, while it is only ~150 bp in HVS1, which also supports the
absence of a US8.5 ORF in this region. Again, the MV-5-4 and 4672 strains of HVS1 are
consistent. In other primate α-herpesviruses US8, US8.5 and US9 form a single
transcriptional unit utilizing a single mRNA poly-adenylation and termination site 3′ of the
US9 ORF. Despite the apparent lack of a US8.5 gene, US8 and US9 still appear to constitute
a single transcriptional unit in HVS1.

Strain Variation
Since the HVS1 genome is in several ways similar to that of varicelloviruses, the degree of
DNA sequence variation between the standard MV-5-4 strain and a recent field isolate of
HVS1 was analyzed. In 2007 several young squirrel monkeys in a closed breeding colony
developed oral lesions typical of a herpesvirus infection (Figure 1). A total of 3 isolates were
obtained from clinical swab specimens, of which strain 4672 was one. The rapid
development of rounded cells in Vero cell culture, SDS-PAGE analysis of infected cell
proteins, restriction analysis of viral DNA, and PCR/sequencing using primers located in the
conserved UL19 gene all indicated that this virus was a strain of HVS1 and that there were
no detectable differences that distinguished the three isolates (data not shown).

To assess DNA sequence variation between the standard MV-5-4 and 4672 strains of HVS1,
several regions of the genome representing areas that exhibit a comparatively high level of
sequence variation among strains of HSV-2 or HVP2 were amplified from strain 4672 by
PCR and the products sequenced. The regions analyzed and the sequencing results are
summarized in Table 2. Briefly, over a combined 6,904 bp of sequence analyzed, there were
a total of only 10 nucleotide differences (0.14% sequence variation) between the two strains.
Eight differences were located in noncoding intergenic sequences, and the two that were
located in coding sequence were silent (produced no AA change). Of the eight differences in
noncoding sequence, five were insertion/deletion differences and occurred within
homopolynucleotide tracts that varied in size from 3 to 15 residues. For comparison,
alignment of sequences of the conserved glycoprotein gB gene of at least 8 strains each of
HSV-1, HSV-2 and VZV were used to estimate the degree of genetic variation for each of
these viruses. HSV-1 had the highest value (2.24%) followed by HSV-2 (1.25%) and VZV
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(0.11%). Sequence variation in the noncoding US3–4 and US4–5 regions of BV and HVP2
is even greater than these HSV gB sequence variation rates (Rogers et al., 2003;Smith et al.,
1998). The low level of sequence divergence between HVS1 strains (0.14%) is considerably
less than that observed among strains of other simplexviruses but is comparable to the level
of sequence divergence among VZV isolates (Norberg et al. 2006;Peters et al., 2006;Tyler et
al., 2007).

Conclusions
Biologically, HVS1 is very similar to simplexviruses of other primate species (Eberle and
Hilliard, 1995; Hull, 1973; Hunt and Melendez, 1969). Unlike other primate simplexviruses,
only the US region of the HVS1 genome is bounded by repeats, resulting in a type D
genome with two genomic isomers as found in varicelloviruses rather than the four isomers
that occur in the other primate simplexviruses that have type E genomes. While other simian
simplexviruses (BV, HVP2 & SA8) all lack a homologue of the RL1 (γ34.5) gene, HVS1
has a gene clearly related to the RL1 genes of HSV-1 and HSV-2 and with limited
homology to the mammalian PP1r15A protein. Unlike any other α-herpesvirus sequenced to
date, the HVS1 genome has four putative DNA replication origins. The HVS1 US1 gene is
present within the RS repeats, but the US10 homologue present in the VZV and SVV short
repeats is lacking in HVS1. HVS1 also lacks homologues of several genes that are present in
all other primate simplexviruses (US8.5, US10/11/12, UL43/43.5 and UL49A). Despite
these differences, HVS1 proteins are clearly more closely related to analogous proteins of
the primate simplexviruses than to those of varicelloviruses, such that phylogenetic analyses
firmly place HVS1 within the primate simplexvirus clade, albeit on a separate deep branch.
The significance of the unique structural characteristics of the HVS1 genome is unclear, and
it will be informative to examine the structure of other α-herpesviruses of South American
primate species.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
HVS1 lesions on the tongue of a squirrel monkey. Shown are multiple consolidated lesions
on the tongue of a juvenile squirrel monkey. Multiple juvenile monkeys in the colony
developed similar oral lesions over a short time period, and HVS1 strain 4672 was isolated
from an oral swab collected during this outbreak.
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Figure 2.
Genetic organization of the HVS1 genome. The location and orientation of coding
sequences are indicated by blue arrows. Coding sequences have been named based on their
AA sequence similarity with genes of other primate α-herpesviruses. The location of repeat
sequences (yellow) and origins of replication (red) have been identified. The DR1 (green)
and “a” repeat sequence regions (orange) are also noted
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Figure 3.
Comparison of Pac1, Pac2, and replication origins of HVS1 and HSV-1. A) HVS1 Pac1 and
Pac2 sites are juxtaposed by the joining of the 5′ (left; UL end) and 3′ (right; US end)
termini of the genome. The dashed lines indicate possible alternate Pac2 sites. The shaded
sequence identifies a repeat sequence (DR1) also found near the ends of the short repeat
(RS) sequences. B) Sequences of the replication origins of HVS1 compared to the sequences
of OriL and OriS sequences of HSV-1. The arrows above the alignment indicate the inverted
repeat and shaded sequences identify the putative binding sites of the origin binding protein
as previously defined (Hazuda et al., 1991).
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Figure 4.
Restriction analysis confirming the lack of inversion of the L region of the HVS1 genome.
Gradient purified DNA of HVS1 strain MV-5-4 (lanes A) and 4672 (lanes B) were digested
with restriction enzyme and fragments separated on a 0.5% agarose gel. The sizes (in Kbp)
of restriction fragments are shown to the left of each gel and standard size markers (lane M)
are shown at right of the Sal1 fragments. All digests were run on the same gel, but have been
separated here to accommodate labelling of fragments. The table lists the size (Kbp) and
relative molarity (if different from 1.0) of restriction fragments (only those >4.0 Kbp)
predicted for each restriction enzyme based on the HVS1 MV-5-4 genome sequence,
assuming either inversion or no inversion of the L region. As described in the text, results
for all four restriction enzymes tested are consistent with the lack of inversion of the L
region of the HVS1 genome.

Tyler et al. Page 21

Virology. Author manuscript; available in PMC 2012 February 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Phylogenetic analysis of HVS1 and related α-herpesviruses. Predicted AA sequences for 7
conserved genes (UL2, UL5, UL19 & UL27–30) were aligned and concatenated as
described by McGeoch et al. (1995). Distances were calculated using the MEGA program
with Gamma distance and Neighbor Joining for tree construction. Bootstrap values for 500
replications are shown at the root of each major branch. The tree shown is an unrooted tree.
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Figure 6.
Genetic organization of the RL1 and RL2 genes. The polycistronic RL1/RL2 mRNA is
shown at top with introns as black boxes and exons as lines between introns. The locations
of consensus poly-adenylation signals in the genome are indicated in white. The reading
frame of introns is indicated by hatched boxes below the mRNA map, the three gray bars
representing reading frames 1, 2 & 3 in the DNA sequence.
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Figure 7.
Alignment of the protein phosphatase 1 regulatory subunit 15A (PP1r15A) domain of the
predicted HVS1 RL1 protein with analogous domains of HSV-1 and HSV-2 γ34.5 proteins
and the murine and human PP1r15A proteins. Accession numbers are AAG39340 (HSV-1
γ34.5), NP044468 (HSV-2 γ34.5), NP032680 (murine PP1r15A) and AAP36135 (human
PP1r15A). The darker shaded AA residues represent identity between HVS1 RL1 and the
mammalian PP1r15A proteins, and the lighter shaded areas represent identity among the
three herpesvirus RL1 proteins.
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Table 1

Genome location of transcripts and coding regions for selected genes.

Gene1 CDS Location Transcript Location

UL56 1667-2230 1279-2306

UL49 12652-13557 12404-13673

RL1 120490-120029, 119936-119735, 119178-119174 120685-120029, 119936-119735, 119178-119108, 117777-116700,
116579-115215RL2 117642-116700, 116579-115333

US3 135845-137230
135598-137959

US4 137333-137887

US5 138067-138732
138030-140188

US6 138938-140161

1
RL1 and RL2 are spliced genes and are encoded on the negative strand.
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