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Abstract
Some of the most successful antiviral agents currently available are effective against herpes
simplex virus. However, resistance to these drugs is frequently associated with significant
morbidity, particularly in immunocompromised patients. In addition to the clinical implications of
drug resistance, the range of biological processes exploited by the virus to attain resistance while
maintaining pathogenicity is proving to be surprising. These mechanisms, which include
ribosomal frameshifting, induced infidelity of the DNA polymerase, and internal ribosome entry,
are discussed.
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Introduction
Herpesviruses cause diseases for which there are limited treatments but no cure. Of the order
herpesvirales, family herpesvirinae, and genus simplexvirus, human herpesvirus 1 (herpes
simplex 1, HSV-1) and human herpesvirus 2 (herpes simplex 2, HSV-2) are pathogens that
are highly prevalent in most populations. For example, in the United States HSV-1 has a
seroprevalence of 58% and HSV-2 has a seroprevalence of 17% (Xu et al., 2006). While
clinical symptoms associated with HSV-1 and HSV-2 can vary greatly, HSV-1 infection is
typically associated with vesicular and ulcerative lesions of the orolabia and face, and
HSV-2 of the genital and anal regions. Alternative presentations include localized or
disseminated lesions at other sites, ocular disease, and encephalitis (Roizman et al., 2007).
Of note, in England between 1989 and 1998 HSV was responsible for more hospitalizations
from viral encephalitis than all the other identified causative agents combined (Davison et
al., 2003). Immune system impairment, often due to immunosuppressive therapy or AIDS,
places a patient at an increased risk for severe HSV disease (reviewed in (Roizman et al.,
2007)).

A characteristic of herpesviruses is the ability to establish a life-lasting infection. Following
primary infection and replication at the site of infection HSV gains access to sensory ganglia
where it establishes a latent state. During latency there is highly restricted viral gene
expression and the virus maintains the potential for reactivation throughout the life of the
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infected individual. The molecular signals that control reactivation are currently unclear.
The reactivation events can be clinical, resulting in lesions, or subclinical, resulting in
asymptomatic viral shedding (Wald et al., 1995). Both events can lead to transmission to a
new host. Highlighting the need for an effective vaccine, there appears to be an important
association between infection with HSV-2 and an increased risk of HIV acquisition
(Freeman et al., 2006; Wald and Link, 2002). This may be explained by the observation that
HIV receptor-positive inflammatory cells persist in genital tissues following HSV-2
reactivation (Zhu et al., 2009).

In the 1970's Burroughs Wellcome showed a guanosine analog (9-(2-
hydroxyethoxymethyl)guanine) to be effective against HSV (Elion et al., 1977). The
compound became known as Acyclovir (ACV) and is now marketed as Zovirax, although
generic versions are also available. Subsequently, an esterified form of ACV (Valacyclovir),
was developed with superior pharmacokinetic properties; Valacyclovir is activated in an
identical manner to ACV. Other drugs frequently employed to treat HSV disease include
Penciclovir, and its prodrug Famciclovir. These are also guanosine analogs that have similar
mechanism of action as ACV, which is shown in Figure 1 and reviewed in (Coen and
Richman, 2007). Briefly, ACV is phosphorylated to form ACV-monophosphate by the viral
thymidine kinase (TK). This reaction is poorly effected by cellular enzymes (Miller and
Miller, 1982), largely contributing to the high selectivity of ACV. Cellular enzymes further
phosphorylate ACV-monophosphate to yield ACV-triphosphate, which competes with
dGTP for incorporation into the growing DNA chain. Upon incorporation, ACV-
triphosphate acts as an obligate chain terminator because it lacks a 3′-hydroxyl (reviewed in
(Coen and Richman, 2007)).

Despite its effectiveness as an antiviral agent in the clinic, there have been many reports
describing viruses isolated from patients suffering from herpetic diseases despite ACV-
therapy (reviewed in (Gilbert et al., 2002)). In vitro studies linked ACV-resistance (ACVr)
to mutations in HSV TK and the viral DNA polymerase (POL) (Coen and Schaffer, 1980),
and these proteins have been the focus of studies characterizing mutations associated with
resistance (e.g. (Gaudreau et al., 1998; Morfin et al., 2000a; Sacks et al., 1989; Sasadeusz et
al., 1997)). There have been very few reports of ACVr-HSV disease in immunocompetent
individuals (Kost et al., 1993; Swetter et al., 1998) and it has been reported that resistance is
observed in between 0.1 and 0.7% of ACV-treated immunocompetent individuals (Bacon et
al., 2002; Boon et al., 2000; Christophers et al., 1998; Collins and Ellis, 1993). In contrast, it
is estimated that ACVr-HSV appears in 4 and 7% of immunocompromised patients
receiving ACV-therapy (Chen et al., 2000; Christophers et al., 1998; Englund et al., 1990;
Wade et al., 1983). This suggests that there is some fitness cost to the virus associated with
ACVr that has less impact in immunocompromised patients. There have been several
reviews that have focused on the changes in the enzymatic properties of TK and POL (e.g.
(Gilbert et al., 2002)). However, this review will focus on mechanisms that confer ACV-
resistance by modulating the expression of active TK.

Assays to measure TK activity
To assay the amount of viral TK versus cellular TK generated in a virus infected cell, one
must first differentiate between viral and cellular TK. To this end, several methods have
been developed including the use of cells lacking intrinsic TK activity (e.g. 143B cells, a
human osteosarcoma line) and substrates that are specific for viral TK (e.g.
[125I]deoxycytidine, (Summers and Summers, 1977)). Typically, the assays used fall into
two categories: biochemical assays that measure enzyme activity in lysates of cells infected
with HSV, and in situ assays that measure enzyme activity associated with viral plaques.
Each method has drawbacks and advantages. The biochemical assay is simple to calibrate,
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permitting an absolute measurement of the enzyme activity in the sample. However, as it
measures the total enzyme activity in a sample it has limited value for virus samples
containing mixed TK phenotypes. Plaque autoradiography allows for the recognition of
multiple TK phenotypes in a sample, although quantification of TK activity associated with
these plaques has proven difficult. A semi-quantitative plaque autoradiography assay has
been developed (Chen et al., 1998). Here, several viruses that had previously been shown to
generate various amounts of TK were used as calibrators. While this has proven useful to
estimate the activity of several recombinant viruses expressing varying amounts TK
(Besecker et al., 2007; Griffiths et al., 2003; Griffiths and Coen, 2003, 2005; Griffiths et al.,
2006), there are limitations to this technique. For example, most of the viruses used as
calibrators are promoter mutants, and it is the amount of TK polypeptide associated with
each mutation – not the TK activity – that is used in the calibration. Further work is required
to determine that there is a linear relationship between amount of TK polypeptide produced
in an infected cell, and the amount of TK activity associated with a plaque. Additionally,
many of the calibrators were generated in a temperature sensitive backbone, meaning that
the plaque autoradiography was performed at the permissive temperature. It is currently
unclear if this affects the interpretation of the data. Indeed, it is possible that some of the
translational mechanisms that are described below may be affected by growth at the
permissive temperature. Furthermore, it is also possible that the mechanisms described
below that permit low levels of TK activity have different effects in neurons, rather than the
cell type used for a particular TK assay, resulting in higher or lower levels in vivo. Thus,
care must be taken when interpreting data from TK assays.

Importance of TK to virus pathogenesis
Using mouse models of infection, viruses lacking the capacity to generate TK replicate were
shown to replicate efficiently in cornea or skin cells, and while these viruses did not
replicate in sensory ganglia they were able to establish latent infections (Coen et al., 1989;
Efstathiou et al., 1989; Leist et al., 1989; Tenser et al., 1989). Further work showed that
viruses lacking the capacity to generate TK established latency in ganglionic neurons
without any detectable expression of most lytic cycle genes, and it was suggested that the
latent infection pathway can diverge from the lytic infection pathway before or early in the
process of expression of lytic phase gene products (Kosz-Vnenchak et al., 1990). However,
despite establishing latent infections, viruses lacking the capacity to generate TK are unable
to reactivate from latency (Coen et al., 1989; Efstathiou et al., 1989). Therefore, although
loss of TK activity and consequent inability to activate ACV could be considered an
efficient way to achieve drug-resistance, it is predicted to be incompatible with reactivation
from latency and pathogenesis. In an apparent contradiction, many clinical isolates have
been reported to lack TK activity (e.g. (Gaudreau et al., 1998)). Of course, it is possible that
some of these viruses may have been mistakenly characterized as TK-negative (TK-) when
the TK-activity was below the limit of detection of a particular assay. Using plaque
autoradiography, as little as ∼0.25% of wild type TK can be detected in a semi-quantitative
manner (Griffiths et al., 2006). Surprisingly, it has been reported that levels of TK below
0.25% of wild type are sufficient to support reactivation from an animal model of latency
(Besecker et al., 2007). Nevertheless, the potential for truly TK-independent reactivation
from latency has been demonstrated. In separate studies, isolates taken from patients that
were engineered to lack TK-activity were shown to be competent for reactivation from
latently infected ganglia, albeit less efficiently than wild type virus (Griffiths et al., 2003;
Horsburgh et al., 1998). It was proposed that these viruses may carry alleles not present in
laboratory strains, which compensated for the lack of TK-activity. It is possible that the
alleles may affect other proteins involved in nucleotide metabolism, e.g. dUTPase or
ribonucleotide reductase. Interestingly, one of these viruses was isolated from a patient prior
to ACV-therapy (Griffiths et al., 2003; Sacks et al., 1989), which may suggest that there are
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wild type viruses circulating that do not have an absolute requirement for active TK. This
deserves further investigation.

ACVr isolates often have mixed TK phenotypes
Since the 1980s, it has been appreciated that HSV clinical isolates are heterogeneous with
respect to ACV-sensitivity (ACVs), when it was estimated that in a population of virus there
is an ACVr infectious unit for every 104 ACVs infectious units (Parris and Harrington,
1982). This heterogeneity has important diagnostic implications (Bacon et al., 2003). For
example, the plaque reduction assay, which is commonly used to detect resistance, measures
the overall drug-sensitivity of a viral population. Thus, an isolate may be determined to be
sensitive to drug based on this assay, it may contain a clinically-significant proportion of
resistant virus (Bacon et al., 2003).

Several groups have investigated virus heterogeneity in vivo by infecting mice with defined
mixtures of ACVr and ACVs viruses (Chen et al., 2006; Ellis et al., 1989; Field, 1982).
These reports show that resistant-viruses complement sensitive-viruses for resistance, and
sensitive-viruses complement resistant-viruses for pathogenicity. However, these
experiments likely do not reflect the true extent of genetic (and phenotypic) heterogeneity
that may be present in a naturally occurring ACVr isolate. Indeed, it is likely that the true
extent of heterogeneity in clinical isolates is poorly understood; the latest massively parallel
sequencing technologies will allow detailed genotypic analyses of drug-resistant HSV
isolates. To date, the most informative reports of clinically relevant heterogeneity have
derived from a series of isolates from a bone marrow transplant patient who developed
severe, progressive herpetic esophagitis despite systemic ACV treatment (Sacks et al.,
1989). One HSV-1 sample taken at 36 days post-transplant was ACVr and foscarnet1-
resistant. Of ten clones generated from this sample, six were ACVs and PFAs, two were
PFAs and expressed low levels of TK (TKL), and two were PFAR and had normal TK
activity (TK+). Viruses from this series continue to be studied, providing important insights
into HSV-biology: the low level of TK associated with one of the clones is generated by an
unusual post-transcriptional regulatory mechanism (see below). As mentioned above, a
recombinant TK- virus generated from a pre-treatment isolate was shown to reactivate from
latently infected mouse trigeminal ganglia (TG) (Griffiths et al., 2003). Thus, a variety of
TK-mutants evolved despite the absence of an absolute requirement for TK-activity. These
studies highlight the value of performing viral studies of drug-resistance in the context of a
well-defined backbone virus to avoid incorrect attribution of a phenotype to a genotype.

For the purposes of studying phenotypes associated with an individual genotype, most
studies have used clonal viruses. However, viruses with multiple phenotypes arise and may
interact in vivo. It is known that TK-activity can be provided in trans to support reactivation
of TK- viruses, as a TK- virus can be rescued from latent infection by superinfection with a
TK+ virus (Coen et al., 1989; Efstathiou et al., 1989). Indeed, experimentally infecting
animals with known ratios of TK+ and TK- mixtures results in ganglionic cells dually
infected with both TK-and TK+ viruses (Chen et al., 2006). Further work will be required to
determine the complexities of selection pressures that force these mixtures of TK+, TKL, and
TK- viruses (in addition to the other TK and POL phenotypes) arise in vivo.

1Foscarnet (phosphonoformic acid, PFA) is a pyrophosphate analog that inhibits HSV DNA polymerase without requiring
phosphorylation by TK; thus, it is can be used to treat ACVr viruses that have mutations in TK. Mutations conferring resistance to
PFA map to the viral polymerase.
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Frameshift mutations in tk associated with ACVr

The most frequently observed mutations in ACVr viruses, whether isolated from patients or
generated in cell culture, are frameshift mutations (Chatis and Crumpacker, 1991; Frobert et
al., 2008; Gaudreau et al., 1998; Gilbert et al., 2002; Hwang et al., 1994; Morfin et al.,
2000a; Morfin et al., 2000b; Sarisky et al., 2001; Sasadeusz et al., 1997; Schmit and Boivin,
1999; Stranska et al., 2005; Swetter et al., 1998). The locations in the tk gene of some of the
most commonly observed mutations are shown in Figure 2. Of these, insertion or deletion
mutations in either of two homopolymeric sequences in tk -- seven Gs (G7, G-string) and six
Cs (C6, C-chord) -- are most common and referred to as “hotspots”. It is known that the
frequency of replication-errors that occur on a sequence increases with the length of the
iterated sequence (Kunkel and Bebenek, 2000). However, the association of mutations in
hompolymeric sequences with drug-resistance is influenced by more than the inability of the
POL to faithfully replicate these sequences.

Ribosomal frameshifting and single-G insertions into the G-string
The most extensively studied frameshift mutation in ACVr tk is a single G-insertion into the
G-string (Fig. 3). In 1994 it was reported that a clinical ACVr isolate (named 615.9) carrying
a single base insertion into the G-string retained a low level of TK activity despite the
mutation (Hwang et al., 1994). Further work revealed that a similarly low level of full-length
TK polypeptide was translated via an unusual net +1 ribosomal frameshift event; signals in
the mRNA sequence cause the ribosome to skip the inserted base, albeit infrequently, and
translate the wild type reading frame. Until this report +1 ribosomal frameshifting had never
been observed in DNA viruses, thus demonstrating the value of studying mechanisms of
drug resistance to gain insight into biological processes. Ribosomal frameshifting has been
studied in a number of eukaryotic and prokaryotic systems (reviewed in (Baranov et al.,
2002)). Typically, ribosomal frameshifting events occur on a sequence known as a slippery
sequence, and are stimulated by another element. For -1 frameshifting the slippery sequence
has the format XXXYYYZ. Before slippage, tRNAs in the P and A site of the ribosome are
bound to XXY and YYZ respectively. The stimulatory element induces the change in frame
resulting in the tRNAs being bound to XXX and YYY, maintaining the bonding between the
tRNA and codon for two out of the three positions and exploiting the wobble base.
Stimulatory elements include RNA pseudoknots, stem loops, stop codons, and codons
decoded by rare tRNAs (“hungry codons”) and are thought to pause the ribosome on the
slippery sequence. A detailed analysis of the mechanism of the G-string ribosomal
frameshift using rabbit reticulocyte lysates showed that frameshifting occurred in the
absence of downstream elements, and paused ribosomes were not detected on the G-string
(Horsburgh et al., 1996). Rather, frameshifting was solely dependent on the length of the G-
string and structures that were formed by the G-string via non-Watson-Crick base pairing.
Three models were proposed to explain the frameshift event: 1) intramolecular interactions
in the G-string would cause a nucleotide to bulge out such that it does not pair with a tRNA.
This could occur in either the P site or the A site. 2) intermolecular interactions between the
G-string and the ribosomal RNA cause the base to be bulged out. 3) intermolecular
interactions between the G-string and the ribosomal RNA distort the ribosomal A site to
favor binding of the tRNA to the mRNA in the +1 frame. It was noted that any of these
models provided a new example for non-Watson-Crick base pairing in biology.

Ribosomal frameshifting events have been considered to fall into one of two categories
(Atkins et al., 2001; Namy et al., 2004): 1) programmed frameshifting sites that have
evolved to control the expression of a polypeptide, or 2) incidental frameshifting sites that
fortuitously contain elements that stimulate a frameshift event, typically at lower
frequencies. It is likely that the frameshift on the G-string falls into the second category;
however, it cannot be discounted that the low levels of truncated TK generated via the
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ribosomal frameshift serve a heretofore unrecognized function. Interestingly, when the G8
G-string was inserted into the influenza virus NP gene and expressed from a recombinant
vaccinia virus in infected mice, the peptide products of the frameshift event on the G-string
resulted in a readily detectable CD8+ T cell response (Zook et al., 2006). This observation
suggests that, even without an obvious direct benefit to the virus, the out-of-frame peptides
may influence HSV biology in vivo by stimulating an immune response. There have been
other reports of sequences that support frameshifting but lack characteristics of programmed
ribosomal frameshift signals in yeast and bacteria (Gurvich et al., 2003; Shah et al., 2002). It
is unknown how many of these signals serve unrecognized functions or represent events that
serve no function but are not sufficiently detrimental to elicit a sufficiently strong negative-
selection pressure.

Analysis of single-G insertions into the G-string in vivo
The originally studied clinical isolate carrying the elongated G-string with a TKL phenotype
(615.9) was shown to reactivate from latently infected mouse TG (Hwang et al., 1994).
However, it was subsequently shown that some clinical isolates lacking TK were competent
for reactivation from latency (Griffiths et al., 2003; Horsburgh et al., 1998). Thus, it was
possible that reactivation occurred independently of the low levels of TK expression. Other
studies of G-string mutants in HSV-2 by Sasadeusz et al, reported that viruses that initially
lacked detectable TK activity exhibited evidence of TK+ or mixed TK+/TK- in murine
neuronal tissues (Sasadeusz and Sacks, 1996; Sasadeusz et al., 1997). These authors
concluded that the heterogeneity arose due to selection of a preexisting TK+ population –
present at very low levels – or reversion to the wild type genotype.

The above studies describe studies of clinical isolates with poorly defined backbones. To
determine if the TKL phenotype was sufficient to support reactivation from latency, the
single-G insertion into the G-string was engineered into a recombinant virus with a well-
defined backbone strain (Griffiths et al., 2003). The strain KOS was chosen because it had
been shown to be dependent on TK-activity for reactivation from latently infected mouse
TG. The recombinant (named TKG7+1G) was generated using the parental virus tkLTRZ1,
which lacks TK-activity through an insertion in the tk gene of strain KOS a lacZ gene
downstream of the Moloney murine leukemia virus long terminal repeat sequence (Davar et
al., 1994). The use of this virus was important as it permitted a blue-white screening
procedure for isolation of recombinant viruses; this avoided the commonly used ACV-
selection procedure, which may have resulted in the introduction of unwanted mutations
associated with drug-resistance. Virus TKG7+1G was shown to have a TKL phenotype and
generated ∼0.5% wild type TK activity, which is similar to isolate 615.9.

The phenotypes of TKG7+1G were examined in vivo (Griffiths et al., 2003); a summary of
these studies is shown in Figure 4. To investigate acute replication, the virus was inoculated
onto scarified mouse cornea and tear films were sampled at 1, 2, and 3 days post infection,
and infected TG were harvested at 3 days post infection. While wild type virus exhibited
robust replication on the cornea through at least 3 days post infection, replication of
TKG7+1G diminished in a manner similar to tkLTRZ1. In contrast, TKG7+1G exhibited
superior replication in the ganglia compared to tkLTRZ1; this is consistent with the
importance of TK for viral replication in ganglia. Virus isolated from the homogenized
ganglia of a mouse infected with TKG7+1G was subjected to further analysis by plaque
autoradiography, which showed ∼0.7% of plaques having a TK+ phenotype. The authors
noted that it was impossible to determine whether the TK+ virus arose via reversion during
acute replication, or was always present at “ultralow” levels. It was also noted that any TK+

virus should have a strong selective advantage over TKL virus in TG. TKG7+1G reactivated
from latent infection at lower efficiency (31%) than wild type virus (100%), while tkLTRZ1
did not reactivate from latent infection. There were three phenotypes exhibited by the
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viruses that reactivated: TKL, mixed TK+ and TKL, and TK+. That a uniformly TKL virus
reactivated from latency implies that only ∼0.5% of wild type TK activity is required to
support reactivation from latency. Until this point, the least amount of TK activity shown to
support reactivation from latency in a well-defined viral background was ∼5% (Chen et al.,
1998). It was reasoned that the TK+ virus in the TK+ and mixed TK+/TKL populations could
have arisen as a consequence of the TK+ virus that appeared during acute replication, or
following a reversion event during reactivation of a TKL population. The appearance of TK+

viruses during reactivation of a virus with the G-string insertion had also been observed by
others who came to similar conclusions (Sasadeusz and Sacks, 1996; Sasadeusz et al., 1997).
Further experiments, perhaps introducing ACV during acute replication or reactivation to
suppress replication of drug-sensitive TK+ virus, will be required to determine the source of
the TK+ virus. However, to attempt to dissect the relative contributions of the TKL

phenotype and reversion to reactivation another series of recombinant viruses was generated
(Griffiths et al., 2006). Knowing that a G-string of seven bases supports +1 ribosomal
frameshifting in rabbit reticulocyte lysates (Horsburgh et al., 1996) and the length of an
iterated sequence influences polymerase fidelity (Kunkel and Bebenek, 2000), a virus was
engineered to carry a wild type length G-string (seven Gs) and an additional base
immediately downstream (Fig. 3C). Full-length TK should be generated via a ribosomal
frameshift event stimulated by the G-string but reversion would occur less frequently than
with TKG7+1G because of the shorter G-string. Confirming that seven Gs could support
frameshifting, plaque autoradiography showed this virus had a TKL phenotype. This virus
also reactivated from latency and all reactivated populations had a uniformly TKL

phenotype, supporting the hypothesis that the low levels of active TK alone can support
reactivation. Interestingly, the frequency of reactivation of this virus was 6%, compared to
31% of TKG7+1G, thereby suggesting that reversion was the major factor in reactivation of
TKG7+1G.

Analysis of double G insertions into the G-string
Double G-insertions (G7 to G9) in the G-string are frequently observed in drug-resistant
clinical isolates (Gaudreau et al., 1998; Gilbert et al., 2002; Harris et al., 2003) (Fig. 5) and
the phenotypes associated with this mutation have received detailed examination in vitro and
in vivo (Grey et al., 2003; Griffiths and Coen, 2003). Both of these reports show that viruses
carrying this mutation are associated with low levels of TK activity, although different
techniques and backbone virus strains were used. Using plaque autoradiography, Griffiths
and Coen observed that a recombinant virus carrying the double-G insertion was associated
with both TKL and TK+ viruses. The TKL phenotype was associated with ∼0.4% wild type
TK activity (Fig. 5B), and ∼3% of plaques exhibited high levels of TK activity (Fig 5C); this
suggested a remarkably high frequency of phenotypic reversion, presumably related to the
long run of Gs. It had been shown previously that the G-string could support a net -1
frameshift (Horsburgh et al., 1996), and it was assumed that the low-level of active TK was
a result of this frameshift event. Using an enzyme assay that measures TK activity in
infected-cell extracts, Grey et al detected ∼1% wild type TK-activity with the mutant virus.
Based on the observation that this virus rapidly reverts to a wild type phenotype in infected
mice, it was concluded that the TK-activity was due to the presence of low levels of reverted
TK+ virus. Given the differences in techniques employed, it is possible that the double G-
insertion viruses studied by Grey et al possessed both TK+ and TKL phenotypes.

Both groups investigated the properties of viruses carrying the double-G insertion in mice.
The viruses replicated efficiently during acute replication at the site of inoculation.
Interestingly, plaque autoradiography showed an enrichment for the TK+ population as acute
replication progressed. It was reasoned that this represented a selective advantage for TK+

viruses in the periphery (in this case, the eye), which was consistent with other reports that
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show TK- viruses have a modest replication deficiency in the eyes of infected animals (Chen
et al., 1998; Coen et al., 1989; Thompson and Sawtell, 2000). This may be due to the
presence of cells with limited nucleotide pools in the eye. Both groups observed that these
viruses reactivated efficiently from latency. Using the infected-cell extract assay, reactivated
viruses were shown to have TK-activities at levels between wild type and TK- viruses (Grey
et al., 2003). Using plaque autoradiography, reactivated viruses were shown to have either
mixed TKL and TK+ phenotypes, or uniformly TK+ phenotype (Griffiths and Coen, 2003).
Both studies observed that the TK+ phenotype was due to a single base insertion, thereby
generating a ten base G-string. Thus, the viruses with the double-G insertion appear to
exploit high-frequency reversion to support reactivation.

To simulate the requirement for a net -1 ribosomal frameshift while limiting the effect of the
elongated G-string, a virus with a wild type G-string carrying a single-base deletion
immediately downstream of the G-string was generated (Fig. 5) (Griffiths et al., 2006).
Plaque autoradiography showed this virus to have a TKL phenotype, consistent with the
synthesis of active full length TK via a net -1 ribosomal frameshift on the G-string. It was
also competent for reactivation from latently infected TG, albeit at reduced frequency
compared to the double-G insertion (7% versus 70%). This was consistent with a diminished
influence of reversion due to the shortened G-string, although there was some reversion as
one reactivating population had a mixed TKL/TK+ phenotype. However, reactivation as
uniformly TKL phenotype was observed. Further work is required to demonstrate that this
mutation yields full-length TK in infected cells, and if so, that it is generated via a ribosomal
frameshift. Nevertheless, low levels of TK generated despite the single-base deletion
downstream of the G-string appear sufficient to support reactivation from latently infected
mouse TG.

While Griffiths and Coen studied this mutation in the context of a single backbone viral
strain, Grey et al investigated the possibility that different viral strains carrying the double-G
insertion behave differently: in addition to the clinical isolate carrying the double-G
insertion, C4b, a recombinant virus was generated with the double-G insertion based on the
laboratory strain SC16. In contrast to C4b, TK activity was not observed with the SC16
mutant and it reactivated poorly from latently infected mouse TG. These observations raise
the intriguing possibility that there is a significant role for other viral genes in maintaining
the stability of the virus that varies between virus strains.

An insertion 24 nucleotides downstream of the G-string exploits ribosomal frameshifting
on the G-string

A drug-resistant virus was reported to have a deletion of a cytosine (C) in a run of 5 Cs 24
nucleotides downstream of the G-string (Fig. 6) (Gaudreau et al., 1998). Knowing that the
wild type-length G-string could support a net -1 ribosomal frameshift, it was hypothesized
that a -1 frameshift on the G-string could compensate for the deleted C downstream
(Besecker et al., 2007). In this scenario, the ribosome may shift reading frame due to a net
+1 ribosomal frameshift on the G-string. Approximately nine out-of-frame amino acids
would be translated before with wild type reading frame resumes on due to the deleted C. A
recombinant virus was generated with the deleted-C mutation and this virus did not express
detectable TK-activity by infected cell lysate assay or plaque autoradiography (that detected
0.25% wild type TK activity). However, TK-activity was detectable using a highly sensitive
but not quantitative plaque reduction assay, supporting the original hypothesis (Besecker et
al., 2007). To estimate the effect of the out-of-frame amino acids, a recombinant virus was
engineered that carried a single base insertion on the G-string and the deleted C associated
with ACVr (Fig. 6B). This virus generated 35% of wild type TK-activity, representing the
effect of the out of frame amino acids on TK-activity. If the efficiency of the net +1
ribosomal frameshift on the wild type G-string (0.25%) is combined with the effect of the
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out-of-frame amino acids, the TK activity associated with the deleted C was estimated to be
0.09% of wild type (Besecker et al., 2007). Remarkably, this amount of TK (Griffiths and
Coen, 2005) appeared sufficient to support reactivation from latency. To confirm the
absence of a secondary mutation that may have supported reactivation in the absence of TK-
activity, the reactivating virus was cloned and engineered to lack the capacity to generate
active TK. Mice were infected with this virus and no reactivation was observed. Thus,
viruses expressing levels of TK below the limits of detection of conventional assays can
support reactivation in a TK-dependent manner. Importantly, these experiments also suggest
that there may be other isolates classified as TK- that are really TKL.

A TKL phenotype from a C-chord mutation
Following frameshift mutations on the G-string, frameshift mutations on the C-chord are the
most commonly observed genotypes in drug-resistant HSV. Isolates with a single-C deletion
in the C-chord (six Cs to five Cs) had been reported to have either TKL or TK+ phenotypes
(Gaudreau et al., 1998). A recombinant virus with the 5C genotype was generated and
plaque autoradiography showed that this virus had a TKL phenotype, generating ∼1.5% of
wild type TK-activity (Griffiths and Coen, 2005). Using a combination of molecular
techniques and recombinant viruses, it appeared that ribosomal frameshifting was not
responsible for the TKL phenotype. Rather, at least in rabbit reticulocyte lysates, active TK
was synthesized via an unusual internal ribosomal entry site (IRES). These assays suggested
that, unlike the ribosomal frameshift events that yield a full length active enzyme, the IRES
results in the synthesis of a C-terminal fragment of TK. It is important to note, that while the
IRES was shown to support synthesis of a polypeptide in rabbit reticulocyte lysates, the
short TK polypeptide generated via IRES-dependent translation has yet to be reported in
virus-infected cells. Nevertheless, it was proposed that active TK could be generated via a
mechanism akin to α-complementation in Escherichia coli β-galactosidase enzyme (Juers et
al., 2000; Ullmann et al., 1965), where an N-terminal deletion is compensated in trans by a
corresponding N-terminal fragment. For TK, the out-of-frame portion of TK generated in
the mutant may be compensated by the in-frame C-terminal portion generated via the IRES.
First discovered in poliovirus (Pelletier and Sonenberg, 1988), IRES are typically large
complex RNA structures that permit initiation of translation in a cap-independent manner
although a few reports have shown IRES activity from short sequences (Chappell et al.,
2000; Owens et al., 2001). A 12 nucleotide sequence was shown to be sufficient for tk IRES
activity and initiation did not occur on an AUG codon (Griffiths and Coen, 2005). Thus,
similarly to the G-string frameshift signal, the C-chord IRES affects translation via an
unusually short sequence in a non-canonical manner.

Although the characteristics of the C-chord deletion virus in mice have not been reported, it
is anticipated that ∼1.5% TK activity is more than sufficient to support reactivation from
latent infection. Studies of the C-chord mutant, along with the G-string mutants, emphasize
the importance of investigating drug-resistant viruses to gain more general insights into
biological processes.

Active TK generated via reversion alone can support reactivation from latency
It has been suggested that viruses carrying frameshift mutations on the G-string retain
pathogenicity due to reversion to the TK+ phenotype (Grey et al., 2003; Sasadeusz et al.,
1997). However, and as discussed above, more sensitive analyses have shown TKL

phenotypes associated with these viruses, rather than TK-. Recombinant viruses carrying
either a single-C insertion in the C-chord, or a single-C deletion in a run of five Cs toward
the 3′ end of the coding sequence (Fig. 2) have been shown to lack measurable TK-activity
(less than 0.25%) (Griffiths et al., 2006). Both of these viruses reactivated from latently
infected mouse TG, albeit at very low frequencies. The phenotype of the reactivating viruses
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was uniformly TK+. While the possibility that the viruses express undetectable levels of TK,
the data suggest that reversion due to the inability of the POL to faithfully replicate
homopolymeric sequences may be important in the pathogenesis of many ACVr viruses.

Summary
An individual being treated with ACV appears to result in conditions that offer a selective-
advantage for viruses with a TKL phenotype. It is thought that these viruses do not generate
sufficient TK to activate ACV, but enough to be functional. This low level of TK is likely
only sufficient to support virus replication in an immunocompromised individual, and not an
immunocompetent individual. This review has discussed some of the mechanisms that are
exploited by the virus to achieve the TKL phenotype. In addition to insights into virus
biology, these studies have provided important insights that are relevant to fields beyond
herpesvirology. ACVr in HSV is associated with an exceptionally broad range of mutations;
it is anticipated that further study of the mechanisms conferring ACVr will continue to yield
interesting observations.
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Figure 1.
Mechanism of ACV action.
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Figure 2.
Loci of the ACVr mutations discussed in the text. The top line represents the HSV tk gene
and the vertical lines indicate the location of each homopolymeric sequence associated with
resistance. Arrows denote the G-string and the C-chord. Below is shown the TK
polypeptide, including the approximate location of the major functional sites in the protein.
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Figure 3.
Studies of the single base insertions in the G-string. Boxes represent TK polypeptides; wild
type sequences are shown in gray and out-of-frame amino acids are shown by wavy lines.
Nucleotide sequences and associated amino acids are shown. Estimated amounts of each
polypeptide that are synthesized are shown on the right. A)Wild type tk. B) A single G
insertion into the G-string. Full-length TK is generated via a net +1 ribosomal frameshift. C)
A single base is inserted downstream of the G-string to simulate the requirement of a net +1
ribosomal frameshift for the synthesis of full-length TK, while maintaining the wild type
length G-string.
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Figure 4.
Outline of in vivo experiments to determine properties of ACVr viruses.
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Figure 5.
Studies of two-base insertions in the G-string. Boxes represent TK polypeptides; wild type
sequences are shown in gray and out-of-frame amino acids are shown by wavy lines.
Nucleotide sequences and associated amino acids are shown. Estimated amounts of each
polypeptide that are synthesized or genomes that are generated with specified sequences are
shown on the right. A) Wild type tk. B) A double-G insertion into the G-string. Full-length
TK is generated via a net -1 ribosomal frameshift. C) Reversion to the wild type phenotype
occurs via the addition of a base into the 9 base G-string and is detected at a frequency of
3%. D) A single base is deleted downstream of the G-string to simulate the requirement of a
net -1 ribosomal frameshift for the synthesis of full length TK, while maintaining the wild
type length G-string.
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Figure 6.
Studies of ACVr mutations associated with a homopolymeric sequence downstream of the
G-string. Boxes represent TK polypeptides; wild type sequences are shown in gray and out-
of-frame amino acids are shown by wavy lines. Nucleotide sequences and associated amino
acids are shown. Estimated amounts of each polypeptide that are synthesized or genomes
that are generated with specified sequences are shown on the right. A)Wild type tk. B) A net
+1 ribosomal frameshift event appears to compensate for a deletion of a C in a
homopolymeric sequence downstream of the G-string. Nine out-of-frame amino acids would
be translated, which reduces the TK activity to 35%. Extrapolating, the TK-activity of this
mutant is ∼0.9%.
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