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A double-guanine-insertion mutation within a run of guanines in the herpes simplex virus gene encoding
thymidine kinase (TK) was previously found in an acyclovir-resistant clinical isolate. This mutation was
engineered into strain KOS, and stocks were generated from single plaques. Plaque autoradiography revealed
that most plaques in such stocks exhibited low levels of TK activity, while ~3% of plaques exhibited high levels
of TK activity, indicating a remarkably high frequency of phenotypic reversion. This virus was able to reactivate
from latency in mouse ganglia; a fraction of the reactivating virus expressed a high level of TK activity due to
an additional G insertion, suggesting that the observed genetic instability contributed to pathogenicity.

Herpes simplex virus (HSV) thymidine kinase (TK) activates
a number of highly effective antiviral drugs, such as acyclovir
(ACV); however, resistance to these drugs can hamper ther-
apy. It has been estimated that ACV-resistant (ACV") disease
occurs in ~5% of immunocompromised patients undergoing
antiviral treatment (3, 9). The most common mutations in
isolates from these patients occur on homopolymeric se-
quences in tk, especially on a run of 7 guanine (G) bases (G
string) (12, 24, 27). Isolates that contain a single-G insertion
within the G string express a low level of full-length active TK
as the result of a ribosomal frameshift (16, 17). This observa-
tion provoked the hypothesis that the low levels of TK synthe-
sized by these ACV" isolates were sufficient to permit disease
but inadequately activate ACV. Less frequently, ACV" isolates
containing insertions of two Gs within the G string have been
recovered (12). Interestingly, one of these viruses has been
described previously as expressing low levels of TK (12). We
wanted to examine the effect of this mutation on TK expres-
sion, and on viral latency in a mouse model of HSV infection,
by engineering the mutation into a well-studied laboratory
strain, KOS.

Construction of recombinant virus TKG7+2G. As an initial
step in the engineering, a double-G-insertion mutant, plasmid
pTKG7+2G, was constructed from plasmid pAGS5, which con-
tains the entire BamHI P fragment of HSV-1 strain KOS in
pBluescript SK+ (Promega) such that ¢k is in the same orien-
tation as the T7 promoter. The wild-type sequence G, was
mutated to Gy, using two complementary oligonucleotides with
the sequence CTGGCTCCTCATATCGGGGGGGGGAGG
CTGGGAGCT (only the forward primer is shown) and a site-
directed mutagenesis kit (QuickChange; Stratagene) according
to the manufacturer’s instructions. Correct introduction of the
mutation was confirmed by sequencing through the mutation.

To generate two independently isolated recombinant viruses
(Fig. 1), plasmid midi-prep DNA (Wizard Prep; Promega) and
infectious virion mini-prep (6) tkLTRZ1 DNA, together with
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transfection reagent (Effectene; Qiagen), were added to Vero
cells previously seeded to be 50% confluent. tkLTRZ1, a re-
combinant virus made from laboratory strain KOS (7), con-
tains an insertion within the tk gene of lacZ downstream of the
Moloney murine leukemia virus long terminal repeat se-
quence, which permits a blue-white screening procedure for
isolation of recombinant viruses. Control experiments trans-
fecting tkLTRZ1 DNA alone failed to demonstrate the pres-
ence of any white plaques among >1,000 blue plaques, com-
pared to a recombination efficiency of between 0.3 and 2%
following cotransfection of a variety of tk mutant plasmids (A.
Griffiths and D. M. Coen, unpublished data). It was therefore
unlikely that we would follow a “white herring.” tk\LTRZ1 does
not reactivate from the mouse model of latency (references 2
and 19 and this study), and this phenotype is reversed in a virus
in which the KOS BamHI P fragment has been restored (19).
Furthermore, the BamHI P fragment of tkLTRZ1 has been
sequenced and was shown, except for the inserted LTR-lacZ,
to be identical to KOS (G. Mulamba and D. M. Coen, unpub-
lished data). Crucially for this study, using a TK-negative mu-
tant as a starting point for isolation of recombinants eliminated
a source of contaminating TK™ virus.

Using a two-step process, we isolated white recombinants con-
taining the double-G insertion following limiting dilution. First, to
increase the concentration of recombinants to a more manage-
able level, several 96-well dishes were infected with a total of
approximately 500 PFU each, such that there would be about 5
plaques per well. Following the appearance of plaques, the me-
dium in each well was harvested and this medium was added to
the corresponding well in a second tray. The cells in the first tray
were stained for B-galactosidase activity with X-Gal (5-bromo-4-
chloro-3-indolyl-B-p-galactopyranoside) (Promega) and then
counterstained with neutral red (Sigma), as described previously
(13). Any wells that contained a white plaque were noted, and the
virus in the corresponding medium was amplified on Vero cells.
To purify the white plaques, a 96-well tray was infected with
approximately 30 PFU, such that one plaque appeared approxi-
mately every 3 wells. This time, wells that contained only a single
white plaque were amplified. Viral DNA from this amplified virus
was sequenced to confirm the presence of the double-G insertion.
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FIG. 1. Construction of recombinant virus. Below the top two lines, which represent the tkLTRZ1 genome and the location of the tk gene
(UL23), is a schematic diagram of the functional domains of TK and the location of the G string. The bottom four lines show the wild-type

nucleotide sequence and a three-frame translation of this sequence, with the wild-type frame marked as the 0 frame.

Two independently isolated recombinant viruses, TKG7+2G.1
and TKG7+2G.2, were generated from separate transfections.

Heterogeneity of TK activity of virus carrying a double-G
insertion. Semiquantitative plaque autoradiography was em-
ployed to measure in situ TK activity expressed by
TKG7+2G.1 and TKG7+2G.2 by modifying previously de-
scribed protocols (2, 15) so that increased sensitivity was
achieved. The modifications were that the dishes were seeded
with 8 X 10° 143B cells (American Type Culture Collection),
which lack cytosolic TK, 24 h prior to addition of the inoculum
and that radioactive labeling with [*H]thymidine (methyl->H,
64.5 Ci/mmol; Moravek) lasted 14 h. Viruses that had previ-
ously been shown to have TK activities at levels lower than
those of the wild type were used to permit estimation of TK
activities: KG111 (10% of wild-type TK activity), LS-95/-85
(5%), LS-111/-101//-56/-46 (2%), 615.9 (1%), and LS-29/-18
(0.5%) (1, 4-6, 17, 18) (Fig. 2A). Several of these viruses were
made in a temperature-sensitive TK backbone; therefore, for
quantitative experiments the cells were incubated at 34°C and
in nonquantitative experiments the cells were incubated at
37°C. Because of the increased sensitivity of the assay, LS-
95/-85 exhibited activity similar to that of KOS and LS-29/-18
exhibited detectable activity (Fig. 2A).

The vast majority of plaques from TKG7+2G exhibited low,
but detectable, levels of TK activity that averaged ~0.4% of
those of the wild type (TK-low phenotype [TK™]), which was
somewhat less than that observed with the single-G insertion
into the G string (615.9). However, a surprisingly high number
of plaques (~3%) with high levels of TK activity (TK") (Fig.
2A) were present; such plaques were not observed in >500
plaques from 615.9, which carries a run of 8 Gs, or from a
recombinant KOS strain with the same G,-to-Gg mutation
(Griffiths and Coen, unpublished). Moreover, the mutation
frequency was far higher than the estimated occurrence of

ACV" viruses within a wild-type population (0.01 to 0.2%),
which was seen as an indicator of polymerase fidelity and may
have been due to any of the many mutations associated with
ACV", either from strain KOS or from clinical isolates (14, 25).
Interestingly, we observed several plaques that appeared to
consist of cells that had low levels of TK activity as well as cells
with high levels of TK activity (Fig. 2B), presumably reflecting
a reversion to the TK™ phenotype during the growth of the
plaque. No such plaques were observed in ~300 plaques of
615.9 (Griffiths and Coen, unpublished). Thus, not only the
virus stock but individual plaques exhibited heterogeneity for
TK activity, i.e., phenotypic reversion.

Enrichment of virus with high levels of TK activity during
acute replication in the mouse. Male 8-week-old CD-1 mice
(Charles River Laboratories) were infected via the cornea with
2 X 10° PFU of KOS or 7 X 107 PFU of TKG7+2G.1,
TKG7+2G.2, or tkLTRZ1 as previously described (4, 22).
Acute viral replication was assessed by sampling and determin-
ing the titers of virus in the tear film at 1, 2, and 3 days
postinfection (p.i.) and in homogenized trigeminal ganglia ex-
cised at 3 days p.i. (Table 1). Both TKG7+2G isolates repli-
cated in the eye to levels roughly similar to those of tkLTRZ1.
No replication of tkLTRZ1 in ganglia was detected; however,
substantial viral replication in ganglia was observed in animals
infected with either of the TKG7+2G isolates, although it was
less than that observed in KOS-infected animals. The viruses
isolated from the mice during acute replication of one of the
TKG7+2G isolates were amplified on Vero cells, in which
there should not have been any selection pressure in favor of
TK™ viruses. Plaque autoradiography demonstrated that the
TK™ population appeared to have been enriched, during rep-
lication in the eye as well as in the ganglia (~15%), compared
to the TK™ population in the TKG7+2G stock (~3%) (Fig. 3).
This suggests a selective advantage for TK™ viruses in the eye,
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FIG. 2. (A) Semiquantitative plaque autoradiography of viruses. The top line of values shows the approximate amounts of active TK expressed
by each mutant as a percentage of that expressed by the wild-type strain KOS. The next line shows the average amount of radioactivity measured
per plaque as a percentage relative to that measured for KOS. The next line presents the images of the plates. The relative level of TK activity
associated with TKG7+2G is shown above the image of the plate used to ascertain this value. Relative TK activity levels were estimated from a
graph (data not shown) of the relative percentage of TK polypeptide plotted against the relative percentage of TK activity in situ for LS-111/-
101//-56/-46, 615.9, L.S-29/-18, and tkLTRZ1 (y = 0.034x + 0.2684; R*> = 0.91). The arrowhead on the TKG7+2G autoradiograph indicates a plaque
with TK™" activity. (B) Enlarged image of a single plaque that appears to have a mixed phenotype. The white arrowhead indicates a cell with a low
level of TK activity, and the black arrowhead indicates a cell with a high level of TK activity.

which is consistent with several reports that indicate that TK™
viruses replicate less efficiently in the eyes of infected animals
during acute infection, especially at later times (2, 5, 29). This
may be due to the presence in the eye of cells that have limited
nucleotide pools.

Reactivation from latency. At 30 days p.i., the mice were
sacrificed and the ganglia were harvested, enzymatically disso-
ciated, and plated onto Vero cells as previously described (22).
Of 24 KOS-infected ganglia, all 24 reactivated compared to
none of 28 tkLTRZ1 ganglia; reactivation of both TKG7+2G.1
(6 of 10 ganglia) and TKG7+2G.2 (14 of 15 ganglia) was
intermediate, with ~70% (on average) of the ganglia reacti-

vating. Two of the reactivated TKG7+2G.1 samples were am-
plified and assayed by plaque autoradiography. These viruses
exhibited two phenotypes with respect to TK activity; one sam-
ple exhibited a mixture of parental (TK™) and TK* pheno-
types, and the other was exclusively TK™" (Fig. 4). The tk gene
from virus with the TK" phenotype was sequenced, and the
parental G, sequence was shown to be altered by the insertion
of an additional G into the G-rich sequence, giving G.
What accounts for the low level of TK activity of most
TKG7+2G plaques? This laboratory has previously reported
that the low levels of TK associated with virus 615.9, which
contains a single-G insertion in the G string, were the result of

TABLE 1. Virus titers in eye swabs and ganglia during acute infections of mice

Titer (log mean® = SE) at indicated location and time p.i.”

Virus Eye Trigeminal ganglia
Day 1 Day 2 Day 3 Day 3
KOS 43+0(3) 51+02(4) 43+03(4) 53+03()
tkLTRZ1 54+02(03) 4.0*+03(4) 2.6 £02(4) 03=x0(4)
TKG7+2G.1 5.6 +0.5(2) 55+02(2) 23+0.2(2) 39+02(2)
TKG7+2G.2 4.6 (1) 44+0(2) 35x03(2) 3.8x03(2)

¢ Calculated by averaging the logs of the titers.
? The number of samples titrated for each group is shown in parentheses.
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FIG. 3. Plaque autoradiography of viruses isolated during the acute
phase of infection with TKG7+2G. The percentage of plaques with
high levels of TK activity among those with low levels of TK activity is
noted. In each image, one example each of a plaque with a high level
of TK activity and a TK" plaque is indicated with a black and a white
arrowhead, respectively.

a net +1 frameshift (17). Further analysis demonstrated that
the recoding event was unusual in that there was not a require-
ment for a downstream structure and paused ribosomes were
not detected; rather, the efficiency of frameshifting correlated
with the ability of the sequence to form non-Watson-Crick
base pairs (16). The observation of low levels of TK activity
expressed by TKG7+2G seems likely also to be due to frame-
shifting on the G string. If so, this would be very interesting, as
it would entail directing ribosomes into the —1 frame with an
efficiency similar to that with the +1 frame. Consistent with
this, a virus that had a wild-type G string (G,) but had a
single-base deletion immediately downstream of the G string,
such that a net —1 shift in frame must occur for synthesis of
active TK, synthesized similar levels of active TK, as measured
by plaque autoradiography (A. Griffiths, M. A. Link, and D. M.
Coen, unpublished observations).

Hwang et al. (17) were careful to describe the frameshift on
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FIG. 4. Plaque autoradiography of viruses isolated following reac-
tivation of TKG7+2G. In the image of the mixed population, one
example each of a plaque with a high level of TK activity and a TK*
plaque is indicated with a black and a white arrowhead, respectively.

NOTES 2285

Gy as a net +1 event, as the shift in frame might have been
through a +1 shift or a —2 frameshift; indeed, a mammalian
frameshift signal has been observed to utilize either +1 or —2
frameshifting, depending upon the system in which it was an-
alyzed (23). While both +1 and —2 frameshifting would result
in the synthesis of full-length TK peptide, following a —2 shift
an additional glycine codon would be synthesized. Given that
active TK was observed to be synthesized from a tk gene with
a run of 10 Gs in the G string (Fig. 4), we conclude that the
enzyme can tolerate the insertion of an additional glycine in
this region. Therefore, the possibility that the net +1 frame-
shift occurs through a —2 frameshift remains.

What causes the high frequency of phenotypic reversion? As
mentioned above, there are many reports demonstrating that
the frequency with which errors occur on a homopolymeric
sequence during DNA synthesis increases as the length of the
homopolymeric run increases (reviewed in reference 21). Mis-
alignment of the template and primer DNA strands during
synthesis of homopolymeric sequences has been proposed to
explain these errors (28). An unpaired base (or bases) would
be the result of the misalignment, resulting in a deletion if the
unpaired base(s) is in the template strand or in an addition if
it is (they are) in the primer strand. The increased frequency of
reversion to TK™ that was observed with TKG7+2G compared
to that of a mutant containing a string of 8 Gs is consistent with
this hypothesis, assuming that the viral polymerase has an
equal probability of being induced to give an addition or de-
letion mutation. As this is frequently not the case (reviewed in
reference 20), a better comparison may be to the aforemen-
tioned virus that has a 7-base G string but a deletion immedi-
ately downstream and that does not appear to have the same
high frequency of reversion to TK" as TKG7+2G (Griffiths et
al., unpublished).

Given the importance of TK to viral pathogenicity and its
role in activating ACV, it is perhaps not surprising that in the
clinic, ACV" viruses have been isolated that synthesize limited
amounts of active TK. Previous work has alluded to three
potential mechanisms that permit HSV to evade antiviral che-
motherapy and yet remain pathogenic following frameshift
mutations within tk. Each proposes that the mutant virus syn-
thesizes a little TK, either by exploiting the reduced fidelity of
the DNA polymerase when replicating homopolymeric runs
(giving rise to a heterogeneous population) (26) or as the result
of ribosomal frameshifting, during which low levels of active
TK are synthesized (17). It is worth noting that the mutation
suggested to confer increased heterogeneity is the same as that
reported to permit the low levels of TK via ribosomal frame-
shifting (27). There is also evidence for another mechanism in
which the virus appears to circumvent any requirement for TK
in pathogenesis, possibly by a compensatory mutation else-
where in the viral genome (15). In this study we have at-
tempted to avoid the influence of the third mechanism by
reconstituting the mutation into a laboratory strain, KOS,
which has an absolute requirement for TK for reactivation
from latency. For the 7G+2G mutation studied, its ability to
evade chemotherapy, yet remain pathogenic, is most likely
explained by the first model, in which phenotypic reversion
provides TK activity in trans for viruses that lack sufficient TK
for pathogenicity, particularly as significant levels of virus with
wild-type activity levels were observed during acute replication
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of the viruses. It has been previously reported that resistant
viruses complement sensitive viruses for resistance and that
sensitive viruses complement resistant viruses for pathogenic-
ity (8, 10, 11); the latter scenario is consistent with the behavior
of TKG7+2G described in this report. It is possible to imagine
two scenarios explaining how TKG7+2G reactivated as a
mixed population: TK activity was provided in trans for the
TK" virus by a TK+ population that established latency (in the
same neuron); alternatively, the TK™ population synthesized
sufficient TK to permit reactivation, and subsequently, rever-
sion to the TK+ phenotype occurred as the result of genetic
instability. These ideas are presently under investigation.
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