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INTRODUCTION

A. STATEMENT OF THE PROBLEM

During lytic infection, the prototype alphaherpesvirus, HSV-1, utilizes a virusassociated host shutoff mechanism that destabilizes both host and viral mRNA. The early
stage of this process occurs in the absence of de novo viral transcription; therefore the
mechanism depends upon the virion and host cellular components that are present during
the initial stages of infection. Previous studies in HSV -1 have demonstrated that a 58kDa tegument protein, called virion host shutoff (vhs) protein, is required for this
mechanism to occur. HSV-1 vhs (Hvhs) is encoded by the UL41 gene, and homologs to
this protein have been identified in other alphaherpesviruses including herpes simplex
virus type 2 (HSV-2) and equine herpesvirus type I (EHV-1).

Strelow and Lieb

discovered a decrease in pathogenicity which resulted when HSV-1 viruses carried
mutations in the UL41 'conserved domains (45). These investigators also found Hvhs
activity to affect the ability of HSV-1 to maintain latent infection.

Their research

suggests that Hvhs mutant viruses have a reduced ability to induce latent infections and
that they are essentially nonpathogenic (44,52). The HSV-2 homolog ofHSV-1 vhs has
been associated with blocking antigen presentation by the major histocompatibility
complex class I (MHC-I) by reducing the expression of the MHC on the host cell
membrane.

The HSV -2 vhs protein also has been found to inhibit human

inununodeficiency virus (HIV) replication in transient expression assays (13). Further
1
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study of the Hvhs protein is expected to illustrate a common mechanism in the
pathogenicity of alphaherpesviruses. Investigation of the UL41 homologs of the other
member viruses should lead to a greater understanding of vhs activity in this herpesvirus
sub-family. The EHV-1 vhs (Evhs) homologs, previously examined by our laboratory in
strains KyA, KyD, and Ab4, are encoded by the open reading frame gene 19 (ORF19),
and in contrast to Hvhs, displayed little or no effect on host rnRNA stability during
infection in cell culture. This difference in vhs activity yields not only a different model
of infection and pathogenicity utilized by the neurotropic alphaherpesviruses, but it also
provides vhs homologs for comparison with Hvhs. In order to understand the expression
and function(s) of the Hvhs and Evhs proteins, parallel studies of vhs protein synthesis
and activity were employed. Our laborat6ry has previously demonstrated that the gene
products of UL41 and ORF19 have similar intrinsic vhs activity during transient
expression assays using a beta-galactosidase reporter. These results suggest that Hvhs
and Evhs may be present in different concentrations within the virion or that a posttranslational modification in infected cells renders E;vhs less efficient than Hvhs. Further
studies of Evhs in comparison with Hvhs are necessary to characterize the functions of
the vhs homologs and their roles in varied outcomes of alphaherpesvirus infections". In
order to initiate these studies and confirm previous studies with EHV-1 strains, a fourth
strain of EHV-1, EHV-1 RacL, which is pathogenic in both horses and mice, was
compared to the other EHV-1 strains and HSV-1.
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B. HYPOTHESES AND SPECIFIC AIMS
The aim of this study was to determine whether the pathogenic EHV-1 strain, RacL, is
similar to or different from previously examined EHV-1 strains with respect to Evhs
expression and activity. This virus, like EHV-1 Ab4, is pathogenic in the normal host
(horse), unlike the more commonly studied, attenuated KyA strain. In addition EHV-1
RacL is pathogenic in mice. Therefore RacL may be a more accurate reflection of other
pathogenic EHV-1 isolates, and it can be used for further studies in mouse models of
infection. In order to characterize the ORF19 gene product of EHV-1 RacL, this research
focused on characterizing the activity of Evhs and the time course of ORF19 gene
expression. All findings were analyzed in comparison with EHV-1 strains KyA and Ab4
and with HSV-1 strain F. Initial steps in construction and evaluation of an EHV-1 RacL
mutant virus with a disruption in ORF19 were performed in order to determine the impact
of the vhs protein on viral growth and viability.
The null hypotheses <Ho) to be tested in this project were:
1. The virion-associated host shutoff of EHV-1 inhibits protein synthesis in infected cells
to the same extent as its HSV-1 homolog.
2. During lytic infection in cell culture, the appearance of EHV-1 vhs increases over time
with the same kinetics as HSV-1 vhs.
3. During lytic infection in cell culture, HSV-1 and EHV-1 synthesize comparable
amounts ofUL41 mRNA and ORF19 mRNA, respectively.
4. A disruption mutation of the EHV-1 ORF19 will yield a mutant virus with the same
Evhs activity as that of wild-type EHV-1 virus.
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The specific aims used to test these hypotheses were:
1. to compare virion-associated host shutoff in RacL infection to that of other
EHV-1 strains and to HSV-1,
2. to characterize EHV-1 RacL ORF19 expression by comparing RacL vhs
synthesis during lytic infection to that of other EHV-1 strains and HSV-1,
3. to define the temporal class of RacL vhs expression, and
4. to determine the impact ofORF19 deletion by generating an EHV-1 RacL vhs
null mutant virus (EHV-1 RacL 19lac), and to compare the growth properties of the
RacL vhs null virus to wild-type EHV-1 RacL, respectively.

C. LITERATURE REVIEW
The Herpesviridae family is composed of double-stranded, linear deoxyribonucleic acid
(DNA) viruses that share a similar virion structure. The diameter of a herpesvirion ranges
from 120 mn to 300 mn depending on the species, and each virion contains thirty or more
virion polypeptides (VP) which are all encoded by the viral genome. Virions are composed
of an inner DNA core, a capsid, a tegument, and an envelope (Figure 1). A scaffold matrix
within the inner core maintains the approximately 150 kilobase pairs (kbp) of viral DNA as
a linear molecule in the form of a torus. The capsid surrounds and possibly attaches to this
matrix.

It is composed of 162 capsomeres, which form an icosadeltahedron.

The

pentameric capsomeres, the cylindrical structures at the vertices of the capsid, have 4 mn
channels, which traverse into the core of the virion. In contrast, the fine structure of the
hexameric capsomeres, found on the flat faces of the capsid, remains unknown. A region
termed the tegument containing viral encoded globular proteins surrounds the capsid. This

Figure 1: Tile llerpes virion. This diagram shows a cross section ofthe virion. The
outer envelope surface has glycoprotein projections. The envelope circumscribes the
icosadeltahedral capsid The DNA core is not shown (Adopted from Roizman, B.
Herpesviridae. In: Fields Virology 3'd edition) (36).
·
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tegument, the composition of which varies. greatly between species is enclosed by the
envelope. The viral envelope is a trilaminar lipid membrane derived from the host cell's
nuclear membrane, which has been modified by the insertion of viral glycoproteins (36).

In addition to the basic structure of the. virion, the members of tht; Hexpesviridae family
share several biological properties. First, all are capable of latent infection in which the
viral genome becomes circularized in the host cell nucleus and transcription of the viral
DNA is suppressed. Latency usually occurs in a select cell type, which is characteristic for
each virus species, and recurrent disease results from the reactivation of viral DNA
replication and transcription by a currently unidentified stimulus. Second, the infected host
cell in the herpesvirus cytolytic replication cycle is no longer viable. Several modifications_
occur during viral infection which cause the host cell destruction; these include margination
of

host

chromosomes,

nucleolus

disaggregation,

membrane

alterations,

and

polykaryocytosis, a result of altered cell to cell membrane protein interactions. Third, the
viral DNA encodes an assortment of enzymes that are functio~al in viral replication.
Fourth, the capsid formation, viral DNA replication, and packaging of viral DNA into the
capsid occur in the host nucleus (3 6).
The Herpesviridae family consists of three subfamilies, alpha-, beta-, and garnmaherpesviridae.

The alphaherpesviruses share the characteristics· of maintaining latent

infections in specific tissues, usually sensory ganglia, rapidly reproducing in a lytic cycle
yielding efficient host cell destruction, forming genomic isomers within a specific strain,
productively infecting a wide range of hosts, and displaying neurotropism. In addition, the
alphaherpesviral genomes usually contain inverted repeat region.S, which allow for genomic
isomer formation within a specific strain yielding equimolar populations in a single culture
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of infected cells. Table I diagrams the six classes of genomes found in the
alphaherpesviruses, and it demonstrates the orientation of genomic sequences in isomers
using Varicella-zoster virus (VZV) as an example.

This subfamily includes the

Simplexvirus and V aricellovirus generas. In addition to other various members, herpes
simplex virus type 1 (HSV-1) and herpes simplex virus 2 (HSV-2) are of the Simplexvirus
genus, while the Varicelloviruses include equine herpes virus type 1 (EHV-1), pseudorabies
virus (PRV), and VZV. Members of the betaherpesvirus subfamily reproduce more slowly
than the alphaherpesviruses and include the genera Cytomegalo~ and Muromegalovirus.
Epstein-Barr virus is a member of the garnmaherpesvirus subfamily, which routinely infects
lymphoblastoid cells (36).
The specific method of replication varies between the subfamilies and since the virion
host shutoff mechanism currently is considered to be unique to the alphaherpesviruses
during lytic infection, only this cycle will be discussed.

The reproductive cycle of

alphaherpesviruses has been studied thoroughly using HSV-1 as a model. The HSV-1
model effectively represents the general method of alphaherpesviruS mechanisms of virion
entry, production, and egress, but it does not a~count for variations in protein structures and
activities which occur among virus species, such as differences in virion glycoproteins and
viral transcription factors. The cycle consists of envelope attachment to the host membrane,
membrane fusion, capsid attachment to a nuclear pore, DNA insertion into the host nucleus,
viral protein synthesis, viral DNA synthesis, capsid production, DNA packaging into
capsids, envelopment of the virion, and viral particle exocytosis from the host cell (Figure
2; 37,50). Each stage is essential for the production of infectious progeny virus (37).
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Table 1: Herpesviridae genomic isomer formation. A, B, C. D, E. and Fare the six
classes ofgenomes found in the Herpesviridae family. The Varicella-zoster (D) genomic
isomers are listed as an example ofsequence rearrangement (Adopted from Roizman, B.
Herpes simplex viruses and their replication. In: Fields Virology 3rd edition) (37).

A

1-TFl-------------------------------------Etllft
B

c
D

E

****--------------------------------------****** ******
**---------Et4---------R.3----------------------:R2--Etl----UL
US
------------------------------------Etl---------llft------UL

US

X-Y ----------------------------------Y'-X'-Z'--Z-X
F

l-EGEND

****: terminal reiterated domains

L1lft : l-eft terminal repeat
Etllft: Flight terminal repeat
---: unique or quasiunique regions
lEt or Et# : internal repeats with number to identifY
1lft : terminal repeat
UL : long unique region
US : short unique region
X and X' are inverted repeats
Y aJ!d Y' are inverted repeats
Z ai).d Z' are inverted repeats

VZV Isomers (yields two equimolar isomers)
abc
1 *-----------------------------IEt*--------TEt
cba
2 *-----------------------------IEt--------*llft

Figure 2: HSV-1 replication modeL I. Virion attachmrmt and envelope fo.sion with
plasma membrane. 2. Release oftegument proteins. 3. Viral DNA injected into host
nucleus after capsid migration to nuclear pore. 4.. Transcription ofalpha genes (a/phaTIF activity). 5. Translation of alpha mRNAs in cytoplasm. 6. Beta protein synthesis. 7.
Host chromatin (c) is degraded while nucleoli (round hatched structures) are
disaggregated 8. Viral DNA replication yielding head-to-tail concatemers. 9. Gamma
protein synthesis. IO. Capsid formation. II. Viral DNA is packaged into capsids. 12.
Addition oftegument proteins. 13. Viral capsids with tegument bud through membranes
becoming enveloped. 14. Enveloped virions accumulate in endoplasmic reticulum before
export to the plasma membrane (Adopted from Roizman, B. Herpes simplex viruses and
their replication.. In: Fields Virology 3'd edition) (37) ..
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Viral attachment requires the interaction between viral envelope glycoprotein and the host
membrane. Currently, glycoprotein B (gB) is recognized to be essential in this interaction.
Additional glycoproteins are potential activators of attachment since alphaherpesviruses
infect at least two different cell types, neurons and epithelial cells, to complete a typical
infectious cycle in a host. Fusion of the envelope with the host cell plasma membrane,
which is also mediated by viral glycoproteins, releases the tegument proteins and the capsid
into the cytoplasm of the host (37). An alternative method of entry involving phagocytosis
of the virion and fusion of the viral envelope with the vesicular membrane has been
proposed, but Roizman's research group found that this route of virion entry yields a
nonproductive infection. In these experiments, virus particles that were initially adsorbed to
the membrane of cells that constituitively express HSV-1 glycoprotein D were degraded in
endocytic vesicles (4).
After membrane fusion, the capsid is directed to a pore in the nuclear membrane
presumably via the cytoskeleton of the host cell. The linear double-stranded viral DNA is
introduced to the nucleus where it circularizes, leaving the capsid in the cytoplasm (Figure
3). The process of viral DNA transcription, replication, and daughter genome packaging
occurs in the nucleus of the host cell. Initial DNA transcription by host RNA.polyrnerase II
is regulated by the interaction of VP 16, a tegument protein also termed the a-transinducing
factor (a-TIF), with the host cell's transcription factors (23). Further transcription of viral
DNA occurs after translation of these initial gene products, which are viral transcription
regulators. Viral proteins are required for viral DNA replication and packaging. Therefore,
productive viral replication depends on the strict regulation of viral and cellular protein

·Figure 3: The HSV-1 genome in circular orientation. (adopted from Roizman, B. and
Sears, A. E. (1996) Herpes simplex viruses and their replication. In B. N. Fields, D.
Knipe, and P. Howley (eds.), Fields Virology (3rd), Lippincott-Raven, Philadelphia,
2231-2295) (37).
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concentration and activity in the host cell. Transcription occurs in the host nucleus in an
orderly fashion, producing mRNAs according to the requirements for synthesis and kinetics

of the respective proteins. The system utilizes a cascade method of control with no absolute
delineation between each phase.

For convenience, four classes have been designated

according to the order of initial appearance of the proteins: alpha (a, immediate-early), beta
(~,early),

beta-gamma (~y), and gamma (y, late). The alpha proteins ofHSV-1 are !CPO,

ICP4, ICP22, ICP27, ICP47. They all share a similar regulation sequence upstream from
their open reading frames. TranScription of the alpha mRNAs occurs in the absence of viral
protein synthesis and is regulated by VP16 (a-TIF) which interacts with OCT-1, a host
transcription factor, and human cell factor (HCF). The alpha proteins function as regulatory
agents in the transcription of viral genes (23). The beta proteins are numerous, and many
are involved in nucleic acid metabolism. The accumulation of these proteins allows for the
initiation of viral DNA synthesis. In order for the beta proteins to be transcribed in normal
amounts, the alpha proteins must be present in their normal concentrations. Transcription
of the gamma genes also requires the presence of alpha proteins as well as ongoing viral
DNA replication. They are composed of two groups, the beta-gamma proteins and the
gamma proteins, based on their relative dependence upon viral DNA replication. The betagamma genes are transcribed both early and late in infection and are exemplified by the
glycoproteins B and D. On the other hand the gamma proteins, which include UL44 and
US 11, are only expressed late in infection (37).
Tegument proteins are essential for the initial regulation of viral gene expression in

vivo. These proteins are thought to be released in the cytoplasm when the viral particle is

13
de-enveloped. Several tegument proteins have been identified. They include: a protein
kinase, UL13, (33); a protein which binds the 60S ribosomal subunit, USll, (38); VP16,
(51); and the vhs protein, UL41, (16,17,25). As described above, VP16, encoded by HSV-1
UL48, is responsible for inducing viral mRNA synthesis by interacting with cellular
transcription factors early in infection. It is unlmown ifVP16 enters the nucleus with the
DNA or if it crosses the nuclear membrane by another transport mechanism. The other
tegument proteins are believed to be active only in the cytoplasm of the host cell (37).
The virus-induced host shutoff mechanism in HSV-1 and HSV-2 allows for precise
control of viral and host transcription. This process has two phases. The early phase, which
occurs within two to four hours post infection (p.i.), does not require de novo ·viral
transcription.

The late phase does depend on newly transcribed viral proteins

(1,16,25,39,47).
During the early phase, virion-associated host shutoff (vhs), the HSV-1 tegument
phosphoprotein encoded by the UL41 gene, initiates the degradation of the host mRNA
(11,15,27,41,43). This is supported by the findings that HSV-1 virions with mutations in
the UL41 open reading frame (ORF) do not elicit early vhs activity, and that anti-vhs
antibodies block mRNA degradation (7, 17, 18,28,34,35,52). Recent studies by Ross et al.
found the vhs protein, when present in a solution containing virion extract and reticulocyte
lysate, was capable of ribonucleolytic activity in vitro. The results demonstrated vhs activity
to be specific for the polyadenylated tail of RNA transcripts (52). This supported the
fmdings of Nishioka and Silverstein that a decrease in the size of polyadenylated mRNAs
occurred in Friend Leukemia cells infected with HSV-1 (26). As a result of these findings,
vhs protein ribonuclease activity is believed to be specific for only a few sites on mRNA
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molecules, including the polyadenylated tail and the RNA 5' cap.

However, during

infection, mRNA undergoes total destruction. Complete degradation of the transcripts is
possibly the result of vhs protein activity alone, but a more likely cause of total mRNA
destruction is nonspecific host ribonuclease activity after the destabilization of the mRNA
molecule caused by the initial cleavage of the RNA polyadenylated tail by vhs. Research
has shown that vhs activity also affects polysome structure.

Whether the mRNA

degradation causes ribosomal disassociation, or if the separation of the ribosomal subunits
causes mRNA breakdown remains unclear (47); however, Strom and Frenkel discovered
that vhs activity does not require polyribosome disaggregation (9).
Important to note is that vhs activity is not limited to host mRNA; viral mRNA is also
unstable in cells infected with wild type HSV-1 (12,34). When cells are infected with the
HSV~1

mutant virus, HSV-1 vhs1, which has a point mutation in the UL41 sequence

causing a substitutiqn of isoleucine for threonine at the 214th amino acid in the protein, the
stability of the mRNA increases, resulting in many sequelae (17). First, host mRNA
remains stable much longer in an infection with HSV-1vhs1 mutants than with HSV-1 wild
type; therefore these proteins may be transcribed for a longer duration and accumulate to a
higher concentration during infection. This allows for the activity of the immediate early
(IE) or alpha proteins to persist in HSV-1 vhs1 infections (12,18,34). Therefore, it can be

postulated that the activity of vhs serves to reduce or eliminate the host mRNA pools upon
infection, and allows for efficient regulation of viral gene expression by increasing viral
mRNA transcript turnover. Protein concentrations are highly dependent upon transcription
rates in viral infection, which provide strict control of protein activity through gene
regulation. This HSV-1 vhs1 mutant is viable in cell culture, though its growth rate is
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decreased two- to five-fold compared to wild type (17). HSV-1 vhs1 also is significantly
less pathogeinc than wild type virus in intraperitoneal infections of newborn mice (44,45).
Other HSV-1 vhs mutants have been constructed with deletions in the UL41 that produce
tmncated proteins. Characterization of these mutants have shown that the highly· conserved
vhs protein domains III and IV are required for both shutoff and virulence (45).
To date, studies have indicated that HSV-1 vhs activity may be modulated by at least
two other tegument proteins, the UL13 protein and VP16 (20,29,40,42). The UL13 protein

is a 57k Da protein kinase that has been shown through in vitro studies to .regulate vhs
activity. It is encoded by the UL13 gene (29). Direct phosphorylation ofvhs by UL13 has
not been shown; however it is possible . that increased activity of UL 13 causes
phosphorylation of another viral component that, in tum, induces vhs phosphorylation. The
level of vhs phosphorylation influences its ability to form a complex with the other
regulatory protein, VP16 (20,40,42). VP16 co-inununoprecipitates with vhs in infected cell
extracts using anti-vhs antiserum and it associates with vhs only if vhs is in its less
phosphorylated state (42).

This is consistent with studies that have shown UL13 deletion

mutants demonstrate a decrease in mRNA degradation during infection and have a reduced
amount ofvhs packaged into their virions (24). The vhs sequence to which VP16 binds is
between residues 238 and 344 (40). The complex HvhsNP16 formation prevents VP16
activation of alpha protein transcription and suggests that vhs could regulate VP 16.
However, the concentration of VP 16 in virions and in infected cells is much greater than the
concentration of vhs. Thus VP16 is more likely modulating vhs activity. Studies have
shown that VP16 null mutants have an increased rate ofmRNA destruction and that cells
which express VP16 by transfection are resistant to vhs activity when superinfected with
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HSV-1. Therefore, it appears likely that VP16 modulates vhs activity and this is dependent
on the phosphorylation state ofvhs (20).
Other methods for regulating vhs activity are achieved through transcriptional
regulation and post-translational modification. Like other viral proteins, vhs expression is
temporally regulated. Since both Hvhs and VP16 are transcribed as late proteins, newlyformed VP16

may not be present during the initial translation ofvhs.

The vhs protein has

been found as two species, a 58 kDa and a 59.5 kDa protein, using sodium dodecylsulfate
polyacryarnide gel electrophoresis (SDS-PAGE) and autoradiography of
labeled infected cell extracts.

32

P- and

35

S-

The difference in size presumably relates either to

phosphorylation states or the post-translational removal of a phosphorylated peptide to form
the active protein (35).
The vhs homolog genes have been identified to date in five other alphaherpesviruses,
EHV-1, EHV-4, HSV-2, VZV, and PRV (48,49). The general alignment of the vhs proteins
from EHV-1, HSV-1, HSV-2, VZV, and PRV are illustrated in Table 2. In general, HSV-2
vhs protein is more active in mRNA destabilization than HSV-1 vhs during infection.
HSV-2 UL41 encodes a protein composed of 492 amino acids compared to 489 amino acids
in HSV-1 vhs. The PRV homolog appears to lack many residues from both the conserved
regions that are present in the other homologs and the unique regions, which may
participate in overall protein conformation. It encodes a 365 amino acid (aa) protein that
does not seem to induce an early virion-associated host shutoff, since the virus only appears
to exhibit a late virion-induced host shutoff mechanism during infection (3).
The ORF19 gene product ofEHV-1 is the most studied of the non-HSV vhs homologs.
It encodes a phosphoprotein that is 497aa long, and although it is present in EHV-1 viral
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Table 2: Sclzematic diagram ofgene products from tlze vlzs lwmologs. Note the highly
conserved regions/, II, III, and Jv. The PRV vhs lacks many residues between the
conserved regions which may be the reason for its alternate activity (adopted from
Berthomme eta/. The pseudorabies virus host-shutoffhomologgene: Nucleotide
sequence and comparison with alphaherpesvirus protein counterparts. Virology 193:
1028-2032) (3).

VHS PROTEIN HOMOLOG

VIRUS
VZV.(455 aa)

I

II

III

IV

0---42----61----1 Ol----------193--------------299-------439---453
EHV-1 (497 aa)

I

II

III

IV

0----42-----60---100---------1 7 5-----------281-------472---486--

PRV (365 aa)

I

II

III

IV

0----42------58----98------126----------232-------340----354--HSV-2 (492 aa)

I

II

III

IV

0----42-----59----99---------169------------2 7 6---------47 5----48 9
HSV-1 (489 aa)

I

II

III

IV

0----42----59-----99---------167-----------274---------472----48 6-
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particles, EHV-1 vhs (Evhs) demonstrates a decreased activity level in infected cells when
compared to HSV-1 vhs (Hvhs) and HSV-2 vhs. However, in vitro transfection studies
have shown that transiently expressed EHV-1 ORF19 and HSV-1 UL41 gene products have
approximately the same intrinsic vhs activity based on their ability to reduce expression of a
co-transfected reporter gene product (8). Since differences in packaging may affect the vhs
concentration in viral particles, studies were conducted previously in our laboratory to
compare the interactions ofHvhs with HTIF and Evhs with ETIF.

EHV-1 ORF12 is the

HSV-1 UL48 homolog, and it encodes a late protein, EHV-1 . a.-TIF (ETIF), that
. is
antigenically related to VP16, HTIF, (21). Since VP16 has been shown to package the
Hvhs protein into the tegument of the virion (51), our laboratory has tested ETIF with the
EHV-1 ORF19 gene product, and to date, no interaction has been demonstrated.
The equine herpesvirus type I (EHV-1 ), a horse pathogen that manifests as various
disease states including abortion, neurological disorders, and respiratory illness, is a
common model for neurotropic alphaherpesvirus infections. EHV-1 demonstrates a
regulation of infected cell proteins that is similar to the temporal regulation seen in HSV-1
infection (5). As an alphaherpesvirus, EHV-1 is able to induce and maintain latency. While
EHV-1 latency in an infected J,IIOUSe model has been shown to occur in the trigeminal
ganglia and the olfactory bulbs (22), Edington et al. found EHV-1 latency-associated
transcripts (LATs) in the peripheral blood leukocytes and not in the sensory neurons of
infected horses (6). Since neurotropic alphaherpesvirus latency mechanisms are associated,
further study of EHV-1 vhs may elucidate both HSV-1 vhs activity and the
alphaherpesvirus mechanism for latency.

MATERIALS AND METHODS
All experiments were performed using the appropriate safety conditions as outlined by
the Medical College of Georgia (MC:G) Radiation Safety and the MCG Chemical and
Biological Safety Offices. Viruses were handled according to level two biological safety
protocols.

A. CELLS AND VIRUSES

A.l. Cells
a) RK cells- rabbit kidney (RK 13) continuous cell line, grown in Eagle's Minimal
Essential Medium (EMEM) supplemented with 5% fetal bovine serum (FBS).
b) BHK cells- baby hamster kidney cells (BHK-21C13) continuous cell line, grown in
EMEM with 5% FBS.
c) ED cells- equine dermis (CCL 59;NBL-6) cell line, grown in EMEM with 10%FBS.
d) Vero cells -African green monkey kidney cells, grown in EMEM with 5% FBS.
A.2. Viruses
a) EHV-1 KyA attenuated strain - stock preparations were obtained by infecting RK or
BHK cells with plaque purified virus. Propagation of virus in cell culture employed

a low multiplicity of infection (m.o.i. = 0.001 pfulcell).
b) EHV-1 Ab4 and EHV-1 RacL (obtained from Dr. Nikolas Osterrider) are both
pathogenic strains which were propagated using m.o.i. = 0.001 pfulcell in equine
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derived cells (ED cells) only.
c) H8V-1 F strain - stocks were propagated by low m.o.i. infection ofVero cells.

B. COMPARISON OF VIRION ASSOCIATED HOST SHUTOFF ACTIVITY OF
HSV-1 AND EHV-1 STRAINS.

In order to test the first

Ho, nascent proteins from ED cells infected with H8V-1

and

EHV-1 were radiolabeled with [35 8]-methionine and analyzed.
B. I. Infection of ED cells withH8V-1 or EHV-1 in the presence of actinomycin D.
ED cells grown to confluency in 6-well plates were incubated in I rnl of EMEM with

10% FB8 medium containing 10 :g/ml actinomycin D (ActD) for one hour at 37"C. These

'
transcription-arrested
cells were mock infected with 200:1 of ActO-containing medium or
infected with H8V-1 (strain F) or EHV-1 (strains Ab4, KyA, or RacL) at multiplicities of
infection (m.o.i.) of 50 and 100 plaque forming units per cell (pfu!cell) diluted in 200:1 of
ActD containing medium. After one hour the virus-containing medium was replaced, and
the cells were maintained in EMEM with ActD throughout infection to prevent viral and
cellular RNA transcription. At 5 hours post infection, nascent proteins were radiolabeled by
incubating the cells at 37"C in EMEM with 10% FB8 with 10 J.Lg/ml ActD and 20J.LCilrnl
[

35

8]-methionine translabel (ICN, Costa Mesa, CA) for 1 hour.
B.2. Qualitative and quantitative analysis of nascent proteins.

In order to harvest the radiolabeled cells, the medium was centrifuged for 10 minutes at
4000 x g and 4"C and discarded. Adherent cells were solubilized

us~g

150 f.ll of IX

21
Laemrnli's Sample Buffer (IX LSB; 62.5mM Tris-HCl [pH 6.8], 2% SDS, 0.1% glycerol,
0.715 M P-mercaptoethanol). This volume of cells in IX LSB was added to the cell pellet,
and these samples were incubated in a boiling water bath for 3 minutes in order to inactivate
native proteases and thoroughly denature the proteins. Aliquots of cell extracts representing
equal cell numbers were subjected to SDS-PAGE in 9% polyacrylamide slab gels at a
constant current of 15 rnA per 0.75mm gel thickness for approximately 5 hours using the
discontinuous buffer system described by Laemmli (I9).

The gels were dried under

vacuum and allowed to t:xpose X-omat AR film (Eastman Kodak Co., Rochester, NY).
Quantitation of [358]-methionine incorporation was accomplished by liquid scintillation
analysis of trichloroacetic acid (TCA)-precipitated equivalent aliquots of cell lysates. Five
J.l.l aliquots of each lysate and IX LSB (as an assay blank) were spotted onto 3MM
Whatman filter paper in duplicate and allowed to air dry. The filter papers were incubated
in ice-cold 10% (w/v) TCA for 30 minutes, and washed twice in room temperature IO%
TCA for five minutes each. After drying under a heat lamp, each filter paper was placed
into a scintillation vial with 1Om! of Scintiverse BD (Fisher, Pittsburgh, PA). A Beckman
scintillation counter was used to quantitate the protein associated [358]-methionine, and :the
average of the IX LSB counts was subtracted from the average of each sample pair.
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C. TEMPORAL EXPRESSION OF THE VHS PROTEIN DURING EHV-1 RacL
INFECTION: COMPARISON TO OTHER EHV-1 STRAINS AND HSV-1 F.
Western blots of time course infections were probed for Evhs in order to test the second
hypothesis. The time of appearance and the intensity of the Evhs bands were used to
compare the kinetics ofEvhs accumulation with previously known Hvhs synthesis.
C.!. Viral infection and preparation of cell exti:acts.
ED cells grown to 90% confluence in six well plates were mock infected or infected
. with either HSV-I F, EHV-I KyA, EHV-I Ab4, or EHV-I RacL using virus diluted in
EMEM with I 0% FBS yielding an inoculum volume of 0.2 ml per well with an m.o.i. of I 0
pfu/cell. After incubating for one hour at 37•c, each well was supplemented with an
additional 5 ml ofEMEM with IO% FBS and incubated at 37•c. The infected cells were
harvested at 6, 8, 10, and 12 hours post infection. Cells were harvested and solubilized in
IX LSB as described in section B.2.
C.2. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of infected
cell and mock infected cell extracts:
Aliquots of cell extracts representing equal cell numbers were subjected to SDS-PAGE
in 9% polyacrylamide slab gels as described in section B.2. The separated proteins were
then transferred to Immobilon polyvinylidene diflouride (PVDF) membranes (Millipore,
Bedford, MA) via semi-dry electroblotting for 2 hours at 0.8 mA/cm2 of gel area using a
Gelman system (Gelman Science, Ann Arbor, M1) according to the manufacturers'
instructions. Blots were air-dried overnight at room temperature and stored in a dry, dark
place until use.
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C.3. Detection of viral proteins in Western blots.
Each immunoblot panel was incubated with a previously characterized primary
monoclonal antibody, either anti-EHV-1 vhs (V3 ascites; anti-Evhs; 8) or anti-EHV-1 aTIF (anti-ETIF; 20) according to the following procedure. All steps were performed at
room temperature. Each membrane panel was pre-wet with methanol, rinsed with distilled
water, incubated in Tris-buffered saline (TBS; 500mM NaCI, 20mM Tris, pH=[7.5]), and
incubated for an hour in blocking buffer (TBS, 3% gelatin, 1:1000 dilution of normal rabbit
serum). The membrane was then washed twice for five minutes with TTBS (500mM NaCI,
20mM Tris, 0.05% Tween-20). Anti-ETIF was diluted 1:1000 in antibody buffer (1%
gelatin in TBS), while anti-Evhs was diluted I :200 using the same buffer. The blots were
incubated with one of these antibodies for 2 hours. The blots were washed twice for 5
minutes each using TTBS and incubated for 1 hour in secondary antibody (goat anti-mouse
immunoglobulin coQjugated to alkaline phosphatase, diluted 1:3000 in antibody buffer).
Residual secondary antibody was removed by two five-minute washes in TTBS. The blots
were incubated with· tertiary antibody (rabbit anti-goat immunoglobulin conjugated to
alkaline phosphatase, diluted 1:5000 in antibody buffer) for one hour. The membranes were
washed twice with TTBS and then once with TBS before the addition of the substrate (lX
p-nitroblue tetrazolium chloride and lX 5-bromo-4-chloro-3-indolyl phosphate, both in
dimethylformamide, lX color development buffer; Bio-Rad, Hercules, CA) identified the
bands corresponding to proteins which were antigenically reactive with the respective
primary antibody.
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D. ANALYSIS OF RacL ORF19 TRANSCRIPTION USING NORTHERN BLOTS
This study was conducted to test the third null hypothesis that stated that HSV-1 and
EHV-1 synthesize comparable amounts ofUL41 and ORF19 mRNA, respectively. RNA
extracted from BHK cells mock infected or infected with either EHV-1 RacL, EHV-1 KyA,
EHV-1 Ab4, or HSV-1 F and harvested at various times post-infection was used to analyze
the temporal pattern ofRacL ORF19 transcription and to compare the synthesis of0RF19
mRNA and UL41 mRNA in the other alphaherpesvirnses tested.
D.l. Extraction of RNA from cell cultures.
Cultures of95% confluent ED cells in lOOmm dishes were infected (m.o.i. = 15) with
either HSV-1 F, EHV-1 KyA, EHV-1 Ab4, or EHV-1 RacL and harvested at 4, 6, 8, 10,
and 12 hours post infection.

A mock infection was performed and that culture was

. harvested at the 12 hour time point.

Total RNA was isolated using Tri-reagent (Sigma

Chemical Company, St. Louis, MO) as directed by the manufacturer. RNA samples were
resuspended in diethylpyrocarbonate-treated water (DEPC-water), and the nucleic acid
concentration in Jlg/ml was determined by diluting each sample 1:100 in DEPC-water,
measuring the sample's absorbance at 260nm, and multiplying that absorbance value by
4000.
D.2. Electrophoresis and blot preparation of RNA extracts.
RNA (20Jlg/per well) was denatured in 50% formarnide and electrophoresed in a 1.2%
agarose 2.2 M formaldehyde gel for 5 hours at a constant voltage of 4V/cm length in IX
MOPS buffer (20mM 3-(n-morpholino) propane-sulfonic acid (MOPS), 8mM sodium
acetate, lmM EDTA). After electrophoresis, the lane containing the RNA molecular size
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ladder (Promega, Madison, WI) was cut from the gel and stained for thirty minutes using
100).11 of lOOmg/ml ethidium bromide in DEPC-water (Bio-Rad, Hercules, CA). After
destaining in water overnight, the ladder was visualized under ultraviolet light and
photographed using high speed Polapan 57 film (Polaroid, Cambridge, MA).

The

remaining gel was rinsed in DEPC-water for ten minutes to remove formaldehyde and the
RNA was capillary-transferred onto Magna-charge nylon membranes (MSI, Inc., Westboro,
MA) using lOX SSC (l.SM NaCl, O.ISM sodium citrate) as a transfer buffer. After 24
hours of transferring, the membrane was rinsed in 2X SSPE (0.36M NaCl, 0.02M
N!t:!HP04, 2mM EDTA, pH 6.8) for ten minutes, and the RNA was fixed to the membrane
by baking for 2 hours at &o•c in a vacuum oven.
D .3. Radiolabeling oligonucleotides for hybridization.
The published DNA sequences of the EHV-1 Ab4 ORF19 and HSV-1 KOS UL41
genes were analyzed using OLIGO software to identify suitable strand specific DNA
oligonucleotides for hybridization. Based on this analysis, the EHV-1 ORF19 oligoprobe
sequence, 5'CGCGCGGGGCCGATTCCATGA3', and the HSV-1 UL41 oligoprobe,
5'CGGCTTCGAGGGCGCGGCGGA3', were synthesized by the Medical College of
Georgia (MCG) Research Institute Core Facility. Each 22 base pair oligomer (22-mer) was
end-radiolabeled with [y'2P]-ATP (ICN, Costa Mesa, CA) using T4 polynucletide kinase
(Promega, Madison, WI) according to manufacturers' instructions. Labeled probe was
purified as specified by the manufacturer's protocol using Pharmacia Nick-Spin columns.
The first three column fractions for each labeled probe were analyzed for radioactivity by
performing Cerenkov counts (counts per minute given for dry 32P-labeled samples using the
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H channel of a liquid scintillation counter) of 2!!1 aliquots in a Beckman scintillation

counter.
D.4. Prehybridization and hybridization of membranes with radiolabeled DNA probes.
Membranes were rehydrated in DEPC water and incubated with pre-hybridization
solution (50% v/v deionized formamide, 0.2% v/v SDS, O.IM NaP04, 5X SSC, 5X
Denhardt's [0.1% w/v Ficoll, 0.1% w/v polyvinylpyrrolidone, 0.1% bovine serum·
albumin]) for 2 hours at 42•c in a Techne Hybridiser HB-ID hybridization oven using
Techne FHB31 hybridization cylinders.

Prehybridization solution was replaced with

hybridization solution (50% v/v deionized formamide, 0.2% v/v SDS, O.IM NaP04 , 5X
I;lenhardt's, 5X SSC, 10% w/v dextran sulfate) containing either of the [( 32P]-labeled
probes prepared in 0.3. The membranes were incubated with the hybridization sol!ltion for
20 hours at 42•c with constant rolling.
D.5. Washing of membranes and visualization of hybrids.
Each membrane was washed according to the following protocol. The blots were first
incubated at 25•c for 20 minutes in 0.2X SSC, 0.1% SDS. This buffer was replaced with
another volume of the same buffer and incubated for 20 minutes at 42•c. The fmal wash

was performed at 25•c for 20 minutes in 2X SSPE. Each incubation was done in the
Techne hybridization oven with constant rolling. Membranes were air-dried and allowed to
expose BioMax MR X-ray film (Eastman Kodak Co., Rochester, NY) at -7o•c, and the
resulting autoradiogram was used to visualize DNA/RNA hybrids.
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E.

PRODUCTION OF A MUTANT EHV-1 RacL VIRUS WITH A LacZ

INSERTION IN ORF19.
In order to test the fourth hypothesis, the construction of a mutant EHV-1 RacL virus
with a disruption in the ORF19 was initiated. The Evhs activity of this mutant could then
be compared to Evhs activity in wild-type EHV-1 RacL virus.
E. I. Preparation of the ORF19-containing plasmid for insertion of the LacZ coding
sequence.
The BamHI EHV-1 KyA genomic fragment (EHV-1 bases 24769 - 29714) which
includes the ORF19 coding region (bases 26262 - 27755) was previously ligated into a
pUC8 vector to yield the pBamHIN plasmid. The pBamHIN plasmid was digested with
Sphi to yield a cut within the ORF19 coding region (base number 26612). This linear
product consisted of the pUC8 vector flanked by the 5' EHV-1 genome from base number
26612 to 24769 and the 3' bases 26613 to 27755.
E.2. Insertion ofLacZ coding sequences into the pBamHIN plasmid to form the p19lac
mutant plasmid.
The commercial plasmid pCMV-~gal (Clontech Laboratories, Inc., Palo Alto, CA) was
digested with Sphi to excise the LacZ coding region plus the 5' CMV IE promoter. This
LacZ cassette was ligated into the linearized pBamHIN plasmid described in E.l. using T 4
DNA ligase (New England Biolabs Inc., Beverly, MA). This procedure yielded a plasmid
called p 191ac that contained the entire LacZ expression cassette flanked on the 5' and 3'
ends by ORF19 sequences. This plasmid was transformed into competent Escherichia coli
strain DH5a:. Ampicillin (Amp)-resistant colonies were selected from Luria or Lenox
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Broth (LB) agar plates (1% w/v tryptone, 0.5% w/v yeast extract, 1% w/v NaCI, 1.5% w/v
bacto-agar [7.5]) containing 30 f!g/rnl Amp and processed using the Wizard Miniprep
(Promega, Madison, WI) according to manufacturers' instructions.

Each colony was

inoculated into 5ml of LB broth plates (1% w/v tryptone, 0.5% w/v yeast extract, 1% w/v
NaCI pH=7.5) with 30 Jlg/ml Amp and incubated overnight at 37•c. These cultures were
centrifuged for five minutes at 14,000 x g using in microcentrifuge tubes and resuspended in
lOOfll of.G buffer (50rnM glucose, 25rnM Tris-HCI [8.0], lOrnM EDTA) with 4mg/ml
--

lysozyme (Sigma Chemical Company, St. Louis, MO). Solution II (0.2 N NaOH, 1% SDS)
was added and mixed before incubating the samples on ice for five minutes. Solution ill
(3.0M potassium acetate, 11.5% acetic acid) was added, and the samples were incubated
again on ice for five minutes. Cellular debris was removed by centrifuging the samples at
7000 x g for 5 minutes in a rnicrocentrifuge and traitsferring the supernatants to a new
eppendorftubes. The DNA was precipitated by the addition of0.6 volumes of isopropanol
and centrifuging for 5 minutes at 14,000 x g in a microcentrifuge. The DNA pellet was
washed with 70% ethanol and resuspended in 100J.Ll of TN solution (lOOrnM sodium
acetate, 50rnM Tris-HCI [8.0]) with 25J.1l of ribonuclease solution (lmg/rnl RNAse (Sigma)
in TN solution). After incubating for 15 minutes at 37•c, the plasmid.DNA was isolated
into an aqueous phase using TE .(lOrnM Tris-HCI [8.0], lrnM EDTA) saturated phenol.
The aqueous phase was separated by centrifugation at 7000 x g in a microcentrifuge for five
minutes, and the DNA was pelleted with 70% ethanol and centrifuging again at 14,000 x g
for five minutes. The pellet was air dried and resuspended in TE buffer. These plasmids
were linearized using restriction enzyme Bglll and electrophoresed in 1% agarose to
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confirm the predicted size for p 19lac. The ~-galactosidase activity of the selected plasmid
was confirmed by the generation of blue colonies after inoculation of the transformed
DHSa onto LB broth (1% w/v tryptone, 0.5% w/v yeast extract, 1% w/v NaCl [7.5])
containing both Amp and X-Gal

(5-bromo-4-chloro-3-indolyl-~-D-galactopyranoside)

(Promega, Madison, WI). The p19lac plasmid was prepared from a large volume LB broth
with Amp culture using the Qiagen Maxi-Prep kit (Qiagen, Chatsworth, CA) according to
the manufacturer's instructions. The plasmid concentration in ).lg/ml was determined by
diluting each sample 1:50 in water, measuring the sample's absorbance at 260nm, and .
multiplying that absorbance value .by 2000. An aliquot of p 19lac was digested using Vspl.
The desired product, a 1Okb linear sequence which contains the intact LacZ cassette flanked
on both ends by EHV-1 ORF19, was harvested from a 1.0% low melting point gel using

-GeneClean (Bio 101, Vista, CA) according to the manufacturer's instructions..
E.3. Production and isolation of wild-type RacL genomic DNA.
ED cells were grown to 90% confluency in 850 cm2 roller bottles and infected with
EHV-1 RacL (m.o.i.=O.Ol pfu/cetl). The cells and medium were harvested when cytopathic
effect (CPE) reached 100% at approximately 72 hours post infection. The virus-containing
medium was clarified by centrifuging for thirty minutes at 4000 x g at 4•c.

This

supernatant was then subjected to a one hour centrifugation at 28,000 rpm at 4•c using a
Beckm~

SW60 rotor (Beckman, Fullerton, CA) and a Beckman Optima L-90K

ultracentrifuge, and the virus pellet was resuspened in 500:1 ofTE by syringe pipetting and
sonication. A volume of 20% SDS was added to yield a final concentration of 0.5% SDS,
followed by the addition of 100).lg of Proteinase K (Sigma Chemical Company, St. Louis,
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MO), and this mixture was incubated for 2 hours at 37 °C. The DNA was carefully
extracted by addirig TE saturated phenol to the digestion mixture and isolating the aqueous
phase after centrifuging for 5 minutes at 7000 x g in a microcentrifuge. This aqueous layer
was extracted twice with a 24:1 chloroform: isoamyl alcohol solution. The final aqueous
phase was mixed with 95% ethanol and 4M sodium actetate and incubated at -70°C for 16
hours to precipitate the genomic DNA.

The RacL genomic DNA was pelleted by

centrifuging at 14,000 x g for five minutes in a microcentrifuge and resuspended in
autoclaved reagent grade water. The amount of RacL genomic DNA was quantitated
spectrophotometericlly according to the procedure in E.2., and an aliquot was
electrophoresed in 0.8% agarose with IX TAE (40mM Tris-acetate [8.5], 2rnM
N~EDTA-2H,O)

to confirm that the approximately 150 kbp genome was intact.

E.4. Development ofEHV-1 vhs mutant virus via homologus recombination.
ED cells were co-transfected with the pl9lac plasmid DNA and wild-type RacL
genomic DNA using Lipofectamine Plus (Life Technologies Gibco BRL, Gaithersburg,
MD) to allow for homologus recombination between the wild-type ORF19 sequence in the
genomic DNA and the mutated p19lac plasmid. The transfection was conducted according
to manufacturer's protocol. A 12:1 molar ratio of Vspl digested linear p19lac to RacL
genomic DNA was transfected into 80% confluent ED cells in 60 mm dishes by diluting
both of the DNA sequences together in RPMI 1640 medium (Life Technologies Gibco
BRL, Gaithersburg, MD) with the appropriate volume of Plus reagent. Lipofectamine was
also diluted in RPM!, and these two mixtures were incubated separately for fifteen minutes
at 25°C. The Iipofectamine solution was added to the diluted DNA/Plus solution and
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incubated for an additional fifteen minutes at 25"C. The ED cells were washed twice with
RPMI and covered with a small volume of this medium to maintain the monolayer. The .
lipofectamine/DNA/Plus solution was added to the cells.

The transfected cells were

incubated for 3 hours at 37"C, and ·after removal of the transfection solution, cells were
allowed to incubate in EMEM IO% FBS medium until CPE reached 100%. The virus. containing medium was clarified by centrifugation and screened using polymerase chain
reaction (PCR) and virus plaque assay.
E.5. Plaque assay screening for RacL 19/Lac mutant
A I: 1000 dilution of the clarified virus-containing medium obtained as described in
section E.3. was used to infect confluent ED cell monolayers in IOO mrn dishes. The viral
inoculum was allowed to incubate I hour at 37"C after which the monolayer was overlaid
with 1.25% methylcellulose in EMEM. The cultures were incubated until focal CPE was
noted, and at this time, 0.2mg/ml X-GAL in EMEM methylcellulose was added dropwise to
the previous overlay, yielding a final X-Gal concentration of 0.03mg/monolayer. The assay
was monitored for 24 hours after X-Gal addition for the development of blue plaques. In
order to confirm that this protocol was efficient in the identification of viruses expressing
a LacZ insert, a confluent monolayer of 293 cells in a 35mrn dish was infected with a
LacZ insertion mutant adenovirus and overlayed with 5ml of EMEM-methylcellulose.
This procedure was similar to the previously outlined method; however, instead of adding
0.03mg of X-Gal to the monolayer, a concentration of 0.005mg was used.

This

modification was dictated by the change in cell numbers between the 35mrn dish used
here and the IOOmrn dish used in the mutant screening experiments.
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E.6. PCR screening for RacL 19/Lac mutant

In order to obtain a virus pellet, an aliquot of the virus-containing medium was
centrifuged· for 2 hours at 28,000 rpm in a Beckman SW60 rotor.

This pellet was

resuspended in lOOfll of proteinase digestion buffer (20mM Tris-Cl [7.4], 20mM EDTA
[8.0], 0,5% SDS) with 1OOflg/ml of proteinase K. After an oveni.ight incubation at 5o•c,
equal volumes of buffered phenol (phenol buffered with 50mM Tris-Cl/ 10mM EDTA
[7.4]) and 24:1 chloroform: isoamyl alcohol were added and mixed with gentle rocking.
Samples were separated by centrifuging at 7000 x g for 5 minutes in a rnicrocentrifuge. The
aqueous layer was saved, while the organic phase was re-extracted with proteinase digestion
buffer. The second aqueous fraction obtained by centrifugation was added to the first, and
this was extracted twice with an equal volume of24:1 chloroform: isoamyl alcohol. The
DNA was precipitated with final concentrations of 2.5M ammonium acetate and 60% cold
ethanol for 30 minutes at -7o•c. Centrifugation at 14,000 x gin a rnicrocentrifuge for 15
minutes at 4•c pelleted the DNA, which then was washed with 70% ethanol before being
resuspended in water. PCR primers suitable for EHV-1 and LacZ were identified using the
OLIGO program by entering the EHV-1 Ab4 genome and
respectively.

pCMV-~Gal

sequences

The forward and reverse primers for EHV-1 were 18-mers which are

positioned at bases 8877 and 9572 .on the Ab4 genome (Genbank sequence
gbjMJHSECOMGEN).

Their sequences are 5'GCCAGCCAGCGAGGATTC3'

and

5'GAGAGAGGGAGATTGTGC3' respectively. The LacZ forward and reverse primers,
5'ACGCCAATAGGGACTTTC3' and 5'GGGTAACGCCAGGGTTTT3', were identified
as positions 100 and 976 of the

pCMV-~gal,

which was the source of the LacZ cassette
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insert. Five units of Taq polymerase (Promega, Madison, WI) was combined with the
supplied thermophilic buffer, 25mM MgCI2 , 25J.LM dNTPs, EHV-1 primers, LacZ primers,
and mutant template from E.4. This cocktail was subjected to 30 PCR amplification cycles,
each of which consisted of a one minute melting at 95°C, a ninety second annealing step at
45°C, and a ninety -second elongation step at 74°C. PCR products were subjected to
electrophoresis in a 1.5% agarose gel in IX TAE and visualized by ethidium bromide
staining as described in D.2. A 100 bp DNA ladder was used to identifY the molecular sizes
of the PCR products. The EHV-1 sequences served as an internal control and yielded the
predicted 695 bp product, while the LacZ primers were specific for mutant virus and
yielded an 876 bp product.

RESULTS

A. EHV-1 RacL vhs activity during lytic infection.

To determine whether EHV-1 strain RacL was similar to Ab4 and KyA in vhs
activity during infection, a metabolic inhibition assay was performed. Actinomycin D
was used to inhibit cellular and viral transcription throughout the experiment. ED cells
were infected with HSV-1 strain F or EHV-1 strain Ab4, KyA, or RacL, (m.o.i. = 10, 20,
and 50 pfu/cell) and the nascent proteins were [358]-methionine labeled at five hours post
infection. Aliquots of solubilized protein extracts representing equal numbers of cells
were separated using a 9% SDS-PAGE.

An autoradiograph of the resulting gel

demonstrated the reduction in overall radiolabeled protein in the cells infected with HSV1, while the EHV-1 infected cells displayed banding patterns and intensity similar to that

of the mock infected cells (Figure 4).

The banding pattern of HSV-1

suggest~d

a

decrease in protein concentration with an increase in the number of plaque forming units
per cell. This dose response was effectively displayed in the actin protein band pattern.
The EHV-1 strains did not seem to elicit a dose response.

As seen in Figure 5,

quantitation of the incorporated radioactivity verified these findings. The radiolabeled
nascent protein concentration in the HSV-1 infections was found to be reduced by 79% to
90% when compared to the mock infected cells. The results support previous findings
that HSV-1 infections result in a reduction in protein synthesis due to a destabilization of
rnRNA needed for the translation of new proteins. Previous studies in our laboratory
34

Figure 4: Gel analysis ofprotein synthesis inhibition during EHV-1 and HSV-1
injection. 5S]-methionine-labeled nascent proteins from infections ofED cells with

f

EHV-1 and HSV-1 strains usingaiiActD metabolic block. Lane (M1) is mock without
ActD, (M2) is a mock infection· with ActD, and the rest are ActD treated infections with
EHV-1 Ab4, HSV-1 F, EHV-1 KyA, and EHV-1 RacL. The three lanes for each infection
represent m.o.i's of 10pfulcel/, 20pfulcel/, and 50pfulcell.
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IEHV-1 Ab41 HSV-1 F I EHV-1 KyAI EHV-1 RacL
M1 M2 110 20 501 10 20 50 110 20 50 I 10 20 50

Actin

Figure 5: TCA precipitation results comparing protein synthesis inllibition activity.
The scintillation counts ofTCA precipitated f 5S]-methionine-labeled nascent proteins
were used to calculate the relative amounts ofprotein in terms ofpercent ofthe mockinfected cells. In graph of these results, m.o.i. is multiplicity of infection which
corresponds to the 10,20, or 50 associated with the virus identification on the X axis.
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have demonstrated that EHV-1 inhibits protein synthesis by approximately 20% when a
high multiplicity of infection (200 pfu!cell) is employed (8). The current results show a
6.5 to 33% reduction in protein synthesis in the EHV-1 infections.

An analysis of

variance (ANOVA) was used to · determine if the differences between the TCA
precipitation counts for each virus was statistically significant. This analysis suggested
that the HSV-1 protein inhibition was a dose-dependent activity. (p<O.OOO 1), while the
EHV-1 strains Ab4 and RacL demonstrated no differences (p=0.2032 for Ab4, p=0.3821
for RacL) in protein reduction with respect to multiplicity of infection. The ANOVA
study performed on the EHV-1 KyA data yielded a p value of0.0122, which is possibly
the result of erroneous data points and the small sample size tested.

B. Temporal expression ofthe vhs protein during EHV-1 RacL lytic infection:

In order to conf= that the EHV-1 RacL strain expresses an Evhs protein in
similar concentration and temporal class to HSV-1 strain F and EHV-1 strains Ab4 and
KyA, infected ED cell extracts from parallel infections harvested 6, 8, 10, and 12 hours
post infection using HSV-1 strain F, and EHV-1 strains Ab4, KyA, and RacL were
separated using 9% SDS-PAGE. After transferring the proteins to a PVDF membrane,
they were probed using the anti-Evhs MAb that was previously employed by our
laboratory for EHV-1 KyA and Ab4 Evhs temporal class analysis.

Since previous

studies in our laboratory identified EHV-1 o:-TIF (ETIF) as a true late protein, a second
identical blot was probed using an ETIF-specific MAb for comparison. The visualization
.of the protein detected antigenically by the anti-Evhs or anti-ETIF antibody utilized a trilayered (tertiary) strategy involving two enzyme-conjugated antibodies for each primary
antibody (Figure 6).

, As shown in Figure 7, results of these assays indicated Evhs

expression was similar for all of the EHV -1 strains used. Beginning at the 6-hour time

Figure 6: Procedure for a tri-layered antibody probe ofa western blot. (1) Denatured
protein that has been separated by SDS-PAGE and transferred onto a membrane was
probed with the primary antibody. (2) An enzyme conjugated antiliody specific for the
primary antibody interacted with the Fe portion ofthe already attached primary
antibody. (3) An anti-secondary antibody (tertiary antibody) that was also enzyme
conjugated bound to the Fe portion of the secondary antibody. This final structure
allowedfor two enzymes per protein of interest.
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Add primary anb.body to membrane bound denatured protein.
(Mouse monoclonal antibody)

Add secondary antibody that is specific for primary antibody.

(Goat anti-mouse antibody)

Add tertiary antibody that is specific for secondary antibody.

J_(
~

(Rabbit anti-goat antibody)

LEGEND
~

Jl

Denatured protein bound to membrane
Antibody

)( Enzyme conjugated antibody
--(alkaline phosphatase)

Figure 7: Time course analysis ofvhs protein synthesis and accumulation. Lane (M)
was mock-infected ED cells harvested at 12 hours post infection. The" remaining lanes
were ED cells infected with HSV-1, EHV-1 Ab4, EHV-1 KyA, and EHV-1 RacL. The
infections were harvested at 6, 8, 10, and 12 hours post infection. An anti-Evhs antibody
was used to probe the solubilized total cell proteins that were separated by SDS-PAGE
using the tri-layered antibody protocol as stated in the Materials and Methods section
C.3.
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point, the EHV-1 strains expressed a 58 kDa protein that was not present in the mock
infected cell extract and for each strain this protein continued to accumulate through the
last time point of 12 hours. As seen previously, the HSV-1 infected cell extracts also
demonstrated this pattern of expression of a 58 kDa protein. In this experiment, Hvhs
demonstrated a cross-reactivity with anti-Evhs. ETIF expression shown in Figure 8 was
detectable at 6 hours post infection in the EHV-1 strains.

C. Analysis ofEHV-1 RacL ORF19 transcription.
The discrepancy between Evhs having an intrinsic activity similar to Hvhs and the
reduced ability of EHV-1 to destabilize mRNAs during infection when compared to
HSV-1 infection suggested that a possible difference may exist in vhs concentration in
the respective virions.

Such a sitnation might result if ORF19 was transcribed less

efficiently than UL41. In order to study the transcription of these two genes and to
compare the EHV-1 RacL strain with other EHV-1 strains, total RNA was extracted at 4,
6, 8, 10, and 12 hours post infection from ED cells infected with HSV-1 strain F and
EHV-1 strains Ab4, KyA, and RacL. After separation by electrophoresis in a 2.2%
formaldehyde 1.2% agarose gel, the RNA was capillary transferred to membranes. In
order to analyze these blots for the transcription of ORF 19 and UL41, oligonucleotides
specific for the ORF19 mRNA and UL41 mRNA were identified by screening the
published HSV-1 KOS strain and EHV-1 Ab4 strain genomes using OLIGO software.
As shown in Table 3, the selected oligonucleotides have a high homology with the
desired transcript and a high specificity for these mRNAs as confirmed by searching
GenBank for homologous sequences. These oligonucleotides were end-labeled with 32p
and used to probe the northern blots. The autoradiograph of the HSV-1 infected cell
RNA blot probed with the UL41 mRNA specific 21 base pair oligomer (21-rner)
displayed a light band at 6- and 8-hour time points post infection; this band was not
present in the mock infected cell extract. The calculated size of the transcript was 1.6 kb

Figure 8: Time course analysis of ETIF protein synthesis and accumulation. . Lane
(M) was mock-infected ED cells harvested at 12 hours post infection. The remaining
lanes were ED cells infected with HSV-1, EHV-1 Ab4, EHV-1 KyA, and EHV-1 RacL.
The infections were harvested at 6, 8, 10, and 12 hours post infection. An anti-ETIF
antibody was used to probe the solubilized total cell proteins that were separated by
SDS-PAGE using the tri-layered antibody protocol as stated in the Materials and
Methods section C.3.
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Table 3: UL41 and ORF19 Probes for Northern Blot Hybridization
5' CGG CIT CGA GGG CGC GGC GGA 3' ·
5' CGC GCG GGG CCG ATT CCA TGA 3'

ORF19:

Sequence Characteristics:

Sequence Length
(base pairs)
5' position (ge11ome) .
Tm
)G (25°C)

UL41 probe
21

ORF19probe
21

92143
88.4"C

27447
85.4"C

-52. 7kcal/mol

-55.8 kcallmol

BLAST sequence analysis for UL41 probe:

DESCRIPTION OF SEQUENCE
HSV-1 HSZP strain UL41 gene
HSV-1 KOS strain UL41 gene
HSV-1 KOS strain UL41 gene complete cds
HSV-1 UL region
HSV-1 complete genome

GEN BANK CODE
gbiZ72337IHSV1HSZP
embiZ72338IHSVIKOS
gbiAF00781SIAF007815
dbjiD 10879IHSVULR
embiX14112IHEICG

BLAST sequence analysis for ORF19 probe:
DESCRIPTION OF SEQUENCE
EHV-1 complete genome

GEN BANK CODE
gbi7866641HSECOMGEN
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(data not shown). The EHV-1 strains were probed with the ORF19 mRNA specific 21mer sequence, and the Ab4 and RacL RNA/DNA hybrid identified· a 1.8 kb cellular
component that gave a similar band intensity at all time points post infection and in the
mock infected cells (data not shown). Autoradiographic patterns derived from EHV-1
KyA infected cell RNA also demonstrated this cellular derived cross-reacting transcript;
however, three additional bands were noted. These RNA transcripts appeared at 6 hours
post infection and increased in intensity until the 12-hour time point. Their calculated
sizes were 2.1, 3.1, and 5.4 kb (Figure 9). Previous studies by Caughman et al. identified
a 2.1 kb transcript at 6 hours post infection using EHV-1 KyA and BHK cells. These
results support the findings that the EHV-1 KyA ORF19 transcript is synthesized to a
detectable c~ncentration by ·6 hours post infection, and that the transcript is
approximately 2.1 kb. In addition, KyA accumulates the ORF19 message until at least 12
hours post infection. Additional experiments are required to confirm and study the other
observed bands.

D.

Identification of a method to be used for construction of the EHV-1 RacL

mutant virus.
In order to understand both EHV-1 vhs (Evhs) and HSV-1 vhs (Hvhs) function(s),

the development of an EHV-1 RacL ORF19 disruption mutant virus was initiated. The
strategy involved constructing a mutated ORF 19-containing plasmid, isolating wild-type
genomic DNA frol,ll the EHV-1 RacL, performing a co-transfection of ED cells with the
mutated ORF19 and the infectious EHV-1 RacL genome, and' screening for mutants using
colorometric plaque assay and polymerase chain reaction (PCR) mutant sequence
amplification.

Figure 9: EHV-1 KyA ORF19 transcript. The northern blot of the total cell RNA
extractedfrom EHV-1 KyA infected ED cells at 6, 8, I 0, and 12 hours post infection
(lanes a,b,c,d) probed with the ( 2P]-labeled ORF19 specific probe demonsirates 4
bands.
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D.l.

Construction of an ORF19 mutant plasmid with a LacZ insertion

(p19Iac).
The pCMV -~gal plasmid LacZ coding region with the CMV IE promoter was
inserted into the ORF19 coding sequence of the BamHIN plasmid which consists of the
BamHI EHV-1 KyA genomic fragment in a pUCS vector (Figure 10). This ORF19
mutant plasmid, pl9lac, was propagated in E. coli DH5a, and the expected plasmid size
was confirmed by restriction enzyme analysis (Figure 11 ) .. The activity of the LacZ insert
was confirmed when the transformed DH5a were inoculated onto.LB agar containing XGal and produced blue colonies (data not shown). A large-scale plasmid preparation and
restriction enzyme digest with Vspi yielded linearized p 19lac for transfection.
D.2. Isolation of infectious EHV-1 RacL genomic DNA.
A large scale EHV-1 RacL infection of ED cells provided an infectious virus-rich
medium which was centrifuged, and the DNA was extracted from the virus pellet using a
phenol/chloroform technique. The 150 kbp EHV-1 RacL genomic DNA was found to be
intact by agarose gel electrophoresis (data not shown), and the presence of typical EHV-1
cytopathic effect (CPE) in a culture of ED cells transfected with only the genomic DNA
indicated that the purified DNA was infectious.
D.3. Co-transfection of the wild-type RacL genomic DNA with p191ac.
ED cultures co-transfected with the linear p 19lac and wild-type RacL genomic
DNA were allowed to reach I 00% CPE at which time the cells and medium were
harvested. The virus-containing medium was clarified and screened for possible mutant
viruses that would be the product of a homologous recombination between the two DNA
sequences used in the transfection.

Figure 10: The pORF19/LacZ insertion plasmid. Also referred to as pl9lac, this
plasmid contains a LacZ insertion in the ORF19 readingframeflanked by EHV-1
genomic DNA. The Sphl restriction enzyme was used to insert the LacZ cassette into the
ORF19 sequence, and Vspl was used to linearize the plasmidfor transfection.
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Figure 11: Confirmation ofpORF19/LacZinsertionplasmid. A 1.0% agarose gel
electrophoresis of the pl9lac plasmid digested with Bgl/L Fragment size was calculated
using the banding pattern of 8Hindlll size marker.
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D.4. Plaque assay screening for mutant virus using an X-Gal substrate.

ED cells inoculated with a 1:1000 dilution of the clarified co-transfection medium
were incubated until focal CPE was noted. The addition of X-Gal diluted in EMEMmethylcellulose did not result in blue plaques after a 24 hour ~cubation. Approximately
28,000 plaque forming units (pfu) of the potential mutant virus stock were s-creened using
this method.

The presence of numerous blue plaques in the LacZ insertion mutant

adenovirus positive control confirmed that this staining procedure was potentially able to
give a colorimetric analysis of plaques formed from LacZ insertion mutant virus.
D.S. PCR screening for mutant virus.

Potential mutant DNA from the co-transfection was used as the template in a PCR
reaction. The primers were identified using the published EHV-I Ab4 genomic and
pCMV-Pgal sequences (Table 4). Electrophoresis of the PCR cocktail after thirty cycles
with pCMV-Pgal (I 0 ng DNA) and purified RacL (1 Jlg DNA) positive controls yielded a
876 bp product for the LacZ insert and a 695 bp product for the EHV-1 genome,
respectively. The EHV -1 primer pair amplified a 695 bp product from a template of
EHV-1 KyA genomic DNA that was isolated according to the protocol for virus DNA
isolation from the co-transfection medium (data not shown). These results suggest that
the PCR protocol was sufficient to identify the presence of EHV-1 DNA and EHV-1
RacL ORF19/lacZ mutants. In Figure 12, the positive control PCR products for the LacZ
and EHV-1 primer pairs are visible; however, the template DNA isolated from the cotransfection medium failed to yield a PCR product for either primer pair.
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Table 4: EHV-1 and LacZ Primers for PCR
EHV-1:
Forward primer: (5' Position number 8877)
5' GCC AGC CAG CGA GGA TIC 3'

Reverse primer: (5' Position number 9572)
5' GAG AGA GGG AGA TIG TGC 3'
Primer dimer pair (forward I forward):
5' GCCAGCCAGCGAGGATIC 3'

II II
3' CTIAGGAGCGACCGACCCG 5'
Primer dimer pair (reverse I reverse):
5' GAGAGAGGGAGATIGTGC 3'

II

3' CGTGTIAGAGGGAGAGAG 5'
Primer Dimer pair (forward I reverse):
5' GCCAGCCAGCGAGGATIC 3'

I

I II

3' CGTGTIAGAGGGAGAGAG 5'

LacZ:

Forward primer: (5' Position number 100)
5' ACG CCA ATA GGG ACT TIC 3'
Revt;rse primer: (5' Position number 976)
5' GGG TAA CGC CAG GGT TTI 3'
Primer dimer pair (forward I forward):
5' ACGCCAATAGGGACTTIC 3'

II

II

3' CTTICAGGGATAACCGCA 5'
Primer dimer pair (reverse I reverse):
5' GGGTAACGCCAGGGTTTI 3'

III I

I III

3' TTTIGGGACCGCAATGGG 5'
Primer Dimerpair (forward I reverse):
5' ACGCCAATAGGGACTTIC 3'

II

I

3' TTTIGGGACCGCAATGGG 5'

Figure 12: PCR amplification of the EHV-1 genomic and LacZ coding sequences.
The pCMV-3gat (lane a), EHV-1 RacL purified genome (lane b), and phenol: chloroform
extracted DNA from the mutant co-transfoction medium (lane c) were subjected to 30
cycles ofPCR amplification with both ElfV-1 genome specific and LacZ sequence
specific primer pairs. The products were analyzed using 1. 5% agarose gel
electrophoresis.
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DISCUSSION

Previous studies have demonstrated that HSV-1 efficiently inhibits host protein
synthesis within two- to four-hours post infection without viral DNA expression and that
.the tegument protein HSV-1 vhs is essential for this activity (14,16,39). EHV-1 genome
encodes the ORF19, the -homolog of the UL41 HSV-1 vhs gene; however, previous
studies in our laboratory indicated that infections with EHV-1 strains Ab4 and KyA do
not result in virion-associated host shutoff (8). The results reported here indicate that just
as with EHV-1 strain Ab4, EHV-1 RacL does not elicit a virion-associated host shutoff
mechanism during infection.

However, the ANOVA analysis of the KyA results

indicated a need for additional testing since previous KyA studies in our laboratory were
not supported by the current data. In contrast, HSV-1 utilizes an efficient dose-dependent
.

.

protein synthesis inhibition early in infection. Therefore, the first null hypothesis "the
virion-associated host shutoff of EHV-1 inhibits protein synthesis in infected cells to the
same extent as· its HSV -1 homolog," was rejected. The HSV- f virion-associated host
shutoff mechanism requires the protein Hvhs that is encoded for by the UL41 gene. In
previous studies, HSV -1 strain F was found to produce Hvhs as a late protein using both
time course and metabolic inhibition experiments (41 ). Both of these methods identified
a 58 or 59.5 kDa protein that was detectable by six hours post infection. When similar
studies were performed by our laboratory using EHV-1 strain Ab4 and KyA, a protein of
similar size and temporal class was identified using a monoclonal antibody (MAb)
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developed against the EHV-1 vhs (Evhs) protein. The second null hypothesis "during
lytic infection in cell culture, the appearance ofEHV-1 vhs increases over time with the
same kinetics as Hvhs" could not be rejected. The experiment confirmed that EHV-1
RacL synthesis and accumulation of Evhs was similar to the other EHV-1 strains. The
cross-reactivity of anti-Evhs with Hvhs has not been witnessed previously by our
laboratory, and the visualization of this interaction may have been the result of the
increased sensitivity given to the assay by the tertiary antibody protocol. Since the
affinity of anti-Evhs for Hvhs and Evhs is not known, this cross-reactivity of Hvhs with
anti-Evhs does not provide data relating to the relative concentrations of Hvhs and Evhs.
Therefore, the temporal class and kinetics of accumulation of Hvhs cannot be compared
directly to those of Evhs using the data from this experiment. An additional MAb that is
specific for both vhs proteins with the same affinity, or a Hvhs-specific MAb with
comparable sensitivity, specificity, and affinity; would be a prerequisite for analyzing this
null hypothesis.
The afore-mentioned results indicate that EHV-1 straiits produce the homolog
protein for Hvhs, but that during lytic infection, these viruses do not demonstrate the'·
function that is associated with Hvhs during HSV-1 infection. Previous studies by our
laboratory used a transient expression assay with a reporter gene, LacZ, and the effector
sequences, UL41 and ORF19, under the control of CMV

IE promoters to

evaluate the

intrinsic activity of the UL41 and ORF19 gene products. These in vitro studies indicated
that these proteins have similar intrinsic activity for protein synthesis inhibition. . A
simple explanation for this discrepancy between the in vivo and in vitro results is that
there is a difference in the concentrations of Evhs in the EHV -1 virion and Hvhs in the
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HSV- I virion.

This possibility was supported by the previous findings that EHV-1

demonstrated a 22% protein synthesis inhibition when a high m.o.i. of 200 pfu/cell was
utilized in an actinomycin-D blocked infection (8).

An increase in viral particles

infecting the cell would increase the concentration of Evhs present in the host cell
cytoplasm. Evhs and Hvhs synthesis and accumulation in the host cell could correlate
with the amount of vhs packaged into progeny virions, which dictates the amount of vhs
protein that is introduced into a subsequent host cell. Since temporal regulation of viral
protein synthesis is controlled by mRNA destabilization, the time of synthesis and rate of
accumulation of UL4 I and ORFI 9 transcripts could relate to the concentration in the
virion of:fl:vhs and Evhs, respectively. The results obtained in the present study were not
sufficient to reject the third null hypothesis since the Northern blot analysis failed to
demonstrate .clear hybridization signals for densitometric analysis. However, the studies
of the UL4 I and ORF19 mRNAs yielded a confirmation of the size and time of initial
accumulation of the previously identified ORF19 transcript, and suggested that the size of
the UL4 I transcript was 1.6 kb. In addition, the EHV-1 KyA blot displayed several
additional bands representing transcripts that were larger than the 2.1 kb ORF19, and
these RNAs increased in concentration over time in a manner comparable to that of the
ORFI9 transcript. These transcripts may be viral mRNAs that were cross-reacting with
the ORF19 probe. Another possibility is that the probe-specific region of the ORF19
gene sequence is a read-through region for these transcripts. In order to investigate these
theories, studies of these transcripts are ongoing in our laboratory.
HSV-1 vhs deletion mutants have been shown to be effective tools in the
elucidation of the virion-associated host shutoff mechanism in HSV-1, the induction. of

54
viral latency, and the interactions between various viral proteins, host cell components,
and other viral components. Animal studies using· HSV-1. UL41 mutant viruses have
identified a reduction in pathogenicity and initiation of latency, and similar experiments
using an EHV-1 ORF19 deletion mutant virus may further elucidate the role of vhs
proteins in neurotropic alphaherpesvirus infections.

In order to yield a complete

description of the ORF19 gene product, studies ofEvhs activity during EHV-1 infection
in an animal model are necessary. The production of a mutant EHV-1 RacL virus with a
disruption in the ORF19 gene was initiated by introducing a LacZ coding sequence with a
CMV IE promoter into the ORF19 coding region on an EHV-1 KyA genomic library
plasmid. This linearized plasmid construct was transfected into ED cells with purified
intact infectious EHV-1 RacL genomic DNA. Homologous recombination between the
EHV-1 RacL genome and the EHV-1 sequences of approximately 1500 bp flanking both
ends of the disrupted ORF19 was predicted to yield an ORF19-/ Lacz+ mutant. PCR
mutant sequence amplification and plaque assay histochemical staining screening
methods failed to identify a mutant virus with the LacZ insertion. Possible reasons for
these results are: (a) the DNA sequence homology between EHV-1 KyA and EHV-1
RacL flanking the ORF·19 was not sufficient to induce a homologous recombination
event; (b) the frequency of the homologous recombination event was too rare to produce
detectable numbers of mutant virus; (c) the EHV-1 RacL mutant virus was not viable; or
(d) the DNA sequence homology between the mutant plasmid and the genomic DNA was
not compatible.

The possibility for this lack of homology is doubtful, but it cannot be

disproved because the genomes of EHV-1 strains KyA and RacL have not been
sequenced in this region. The mutant sequence amplification by PCR, a more sensitive
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method than plaque assays, was utilized to identifY mutant viruses in the event that the
recombination event was rare.

The PCR results indicate that the accessibility and

integrity of viral DNA isolated from the mutant co-transfections was not sufficient to
amplifY the sequences specified by the EHV-1 primer pair; therefore if a mutant was
present, it was not detected. ·Alternatively, the mutant EHV-1 RacL virus may not be
viable in cell culture. Since Evhs is a tegument protein, it may play a vital role in
progeny virion assembly, and the deletion of functional Evhs may yield a non-viable
virus. Additional studies concerning the production of the EHV-1 RacL·mutant virus are
ongoing and required before accepting any of these theories. Future studies with the
EHV-1 RacL ORF19 mutant will investigate pathogenicity in animal studies and in vivo
growth and viability in order to test the fourth hypothesis.
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amounts ofUL41 mRNA and ORF19 mRNA respectively. Our results confirmed
that Evhs and Hvhs are synthesized aS late proteins by EHV-1 and HSV-1 respectively.
UL41 and ORF19 transcript analyses identified a 1.6 kb UL41 transcript, while the
ORF19 mRNA was 2.1 kb. Since the affinities of the oligoprobes used with the Northern
blots were not analyzed, hypothesis 3 coqld not be accepted or rejected. Hypothesis 4, a
disruption mutation of the EHV-1 ORF19 will yield a mutant virus with the same Evhs
activity as that of wild-type EHV-1 virus, was not addressed since production of the
EHV-1 mutant virus was not successful. .Overall, the results of these studies were
i~cient

to elucidate the mechanism behind the discrepancies between Evhs intrinsic

activity and its activity during EHV-1 infection. Additional studies addressing these
hypotheses and research investigating the phosphorylation of vhs proteins as it relates to
the UL13 protein and mRNA destabilization may yield information as to the reasons for
varied vhs activity in vitro and in vivo.

•.
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