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Abstract

We characterised the antiviral phenotype and genotype of 41 herpes simplex virus (HSV) strains from patients clinically resistant to
acyclovir (ACV). Our results confirm recognised mutational sites as being major determinants of thymidine tkirassoCiated ACV
resistance, in particular insertions and/or deletions at homopolymer stretches of Gs and Cs (59% of all isolates). Previously described
amino acid substitutions in functional sites of thavere also identified (7% of all isolates). In addition, we identified several stop codons
in novel locations on the amino acid sequence (7% of all isolates) and amino acid substitutions (15% of all isolates) likely to be directly
responsible for conferring resistance to ACV. When there were no mutations detectetkigehe (12% of all isolates), mutations in the
DNA polymerase gene likely to be important in the generation of resistant virus were identified.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction tial phosphorylation by the HSV-encoded thymidine kinase
(tk) makes it a truly selective antiviral dru@#lfour, 1983.

Herpes simplex virus types 1 and 2 (HSV-1 and HSV-2) Three types of ACV resistance involving the vitll have
are responsible for a variety of clinical manifestations, in- been reported:tk-negative’ mutants that produce no func-
cluding mouth and genital ulcer®Rgstigian et al., 1966; tional protein, tk-partial’ mutants that produce levels tf
Nahmias et al., 19§7eye infectionsBrown, 1973, menin- too low for efficient phosphorylation antk-altered’ strains
goencephalitisNlurray et al., 196pand encephalitisRawls that produce an enzyme that phosphorylates ACV less effi-
et al., 1966. The symptoms associated with both virus types ciently than the natural substrate thymidine. A fourth type of
are usually self-limiting in healthy individuals, but can be resistance generated only rarely in clinical isolates involves
extensive and prolonged in immunocompromised individ- mutations in the HSV DNA polymeraspd]) (Balfour, 1983;
uals, including patients with HIV infection and recipients Larder et al., 1987; Sacks et al.,, 1989; Coen, 1991,
of solid organ or bone marrow transplan@/Iitley et al., Gaudreau et al., 1998
1984; Englund et al., 1990; Hill et al., 1991; Morfin et al., ACV resistant (ACVr) mutants have been studied geno-
2000. In these cases, prolonged antiviral therapy may be typically and phenotypically using laboratory-derived
required for management of the infection, resulting in the strains and, more recently, clinical isolates. These studies
generation of drug resistant virugr{ich et al., 1989; Birch have identified various resistance hot spots intihgene,
et al., 1990; Chatis and Crumpacker, 1992; Chibo et al., notably homopolymer nucleotide stretches of guanines (Gs)
2002 in approximately 6—7% of immunocompromised pa- and cytosines (Cs) in which insertions or deletions result
tients Christophers et al., 1998; Chen et al., 2D00 in frameshift mutations and, as a consequence, trundkated

Acyclovir (ACV), a guanine nucleoside analogue, has (Collins and Darby, 1991; Sasadeusz et al., 19@thertk
been widely used for the management of herpes virus infec-mutations include random nucleotide substitutions in those
tions Whitley and Gnann, 1992; Elion, 1993ts preferen- regions of the gene that are critical for enzyme function

(Schmit and Boivin, 1999
In the study reported here we characterised the antiviral
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a means of distinguishing heterogeneity in tk@and DNA Table 2(HSV-2 strains). A total of 55 clinical isolates were

pol from mutations associated with drug resistance and as astudied, comprising 7 ACVs HSV-1, 18 ACVr HSV-1, 7

result identified several novel mutations that are unlikely to ACVs HSV-2 and 23 ACVr HSV-2 strains. Two ACVs

contribute to ACV resistance. We confirm recognised muta- isolates (isolate 1 for HSV-1 and isolate 26 for HSV-2)

tional sites to be major determinantstifassociated ACV ~ were chosen to provide reference consensus sequences for

resistance and show that several novel mutations in both thewild-type tk andpol genes.

tk and DNApol genes appear to directly contribute to ACV The 14 ACVs strains were isolated from immunocom-

resistance in HSV strains. petent patients experiencing acute, untreated infection with
HSV-1 or HSV-2. Of the 18 patients infected with ACVr
HSV-1, 12 were males and 4 were femal@al{le J (in-

2. Materials and methods formation on the gender of 2 patients was not provided).
Where clinical information was available, four of these pa-
2.1. Patients and specimens tients were males infected with HIV, four males and three

females were recipients of bone marrow transplants and one
Clinical material was sent to the laboratory from patients male patient had leukaemia. The age range of patients in-
chronically infected with HSV, in particular bone marrow fected with ACVr HSV-1 was 8-78 years. Of the 23 patients
transplant recipients and patients infected with HIV, who with ACVr HSV-2 infection, 15 were males and 1 was fe-
were refractory to therapy with ACV. Clinical information male (Table J; information on the gender of 7 individuals
for each patient and the phenotypic susceptibility of their was not provided. Thirteen males and one female were in-
HSV isolates are shown iffable 1(HSV-1 strains) and  fected with HIV. The age range of patients infected with

Table 1
Age, gender and clinical details of patients from whom HSV-1 strains were isolated

Patient details

Isolate Gender Age Source of virus ICgo (pg/ml)? Resistance mutation Mechanism of resistance (size of
number (years) (associated illness) (nt position intk gene) truncated protein in amino acids)
1 F 25 Genital 1.0
2 F 18 Vulva 0.1
3 F 36 Oral 1.0
4 M 27 Penis 1.0
5 F 28 NAP 1.0
6 M 47 NA 10
7 F 14 Genital 1.0
8 M 12 NA 100 G ins (nt 435) F(227)
9 F 16 Lip (BMTxY) 200 G ins (nt 435) F (224)
10 M 56 NA (BMTx) 200 G del (nt 435) F (181)
11 F 13 Mouth (BMTx) 100 G del (nt 435) F (181)
12 M 30 NA (HIV+) 100 C ins (nt 553) F (227)
13 M 60 Nasal (HI\%+) 100 C ins (nt 553) F (227)
14 M 17 BAL® (BMTx) 100 C del (nt 899) F (elongatdd)
15 F 41 Labial 100 R51W
16 M 78 Cornea 100 R176Q
17 M 58 Mouth (CLLY 100 G del (nt 880) F (elongated)
18 M 45 Saliva (BMTx) 100 Y53stop sc
19 NA NA NA 100 Q341stop SC
20 M 65 Eye 100 D162A
21 M 29 Ear (HIV+) 100 R220C
22 F 9 NA (BMTx) 200 A189V; L227F
23 NA NA NA 200 R220C
24 M 8 Mouth (BMTXx) 100 None
25 M 40 Buttock (HI\4) 200 None

Isolates 1-7 are ACVs; isolates 8—-25 are ACVr.
21Cgp: concentration of ACV reducing HSV-specific cytopathic effects by at least 90%.
b NA: not available.
CF: frameshift mutation.
dBMTx: bone marrow transplant.
€BAL: bronchio-alveolar lavage.
f Elongated: stop codon generated downstream of wild-type stop codon.
9 CLL: Chronic lymphocytic leukaemia.
h'SC: stop codon.
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Table 2
Age, gender and clinical details of patients from whom HSV-2 strains were isolated

Patient details

Isolate Gender Age Source of virus ICgp (g/ml)? Resistance mutations Mechanism of resistance (size of
number (years) (associated illness) (nt position intk gene) truncated protein in amino acids)
26 F 17 Vaginal 1.0

27 F 40 NA 1.0

28 F 37 Genital 1.0

29 F 23 Vaginal 1.0

30 F 36 Genital 1.0

31 F 42 Buttock 1.0

32 F NA Buttock 1.0

33 M 50 Anal 200 G ins (nt 439) F(228)
34 M 42 Back (HI\4) 100 G ins (nt 439) F (228)
35 NA NA Anal 200 G ins (nt 439) F (228)
36 M 33 Genital (HIV4) 200 G ins (nt 439) F (228)
37 M 38 NA (HIV+) 200 G ins (nt 439) F (228)
38 M 26 Penile (HI4+) 200 G del (nt 439) F (181)
39 M 30 Perianal (HIW-) 200 C ins (nt 556) F (228)
40 M 36 NA (HIV+) 100 C ins (nt 556) F (228)
41 M 27 Perianal (HIW-) 100 C ins (nt 556) F (228)
42 M 39 NA (HIV+) 200 C dels (nt 556) F (262)
43 NA NA NA 100 G ins (nt 439) F (228)
44 NA NA NA 200 C ins (nt 556) F (228)
45 M 32 Perianal (HIM-) 100 R177W

46 F 23 Vulva (HIV4) 200 G del (nt 222) F (85)
47 NA NA Genital 200 C del (nt 812) F (347)
48 M 26 Anal 100 C ins (nt 591) F (228)
49 M 29 Perianal (HIM-) 200 T ins (nt 628) F (228)
50 NA NA NA 200 Y239Stop s¢

51 M 29 NA (HIV+) 200 P85S; N100H; V192M

52 NA NA NA 100 R34C

53 M 47 Rectal (HI\4+) 100 None

54 M 30 NA (HIV+) 200 None

55 NA NA NA 100 None

Isolates 26—-32 are ACVs; isolates 33-55 are ACVr.
2]Cgo: Concentration of ACV reducing HSV-specific cytopathic effects by at least 90%.
b NA: not available.
¢F: frameshift mutation.
dSC: stop codon.

ACVr HSV-2 was 23-50 years. Of the remaining 9 patients diluted to contain 100-300 tissue culture infected doses was
shedding ACVr HSV, clinical information supporting evi- then added to each drug dilution and the plate incubated
dence of HIV infection or other immunosuppressive disease for 72 h at 37C. HSV strains replicating in the presence

was not supplied. of >10pg/ml ACV were considered to be ACVr; viruses
replicating in the presence ef200u.g/ml of foscarnet were
2.2. Mirusisolation and susceptibility testing considered to be foscarnet resistant.

HSV strains were isolated from clinical samples as pre- 2.3. PCR and nucleotide sequence determination
viously describedHirch et al., 1999 and the serotype de-
termined either by neutralisation with HSV type-specific Because the original phenotypically resistant isolates were
antiserum or using a polymerase chain reaction (PCR) as-likely to contain mixtures of wild-type and resistant viruses,
say capable of distinguishing HSV-1 and HSV-2rce prior to sequencing a pure population of each virus was se-
et al., 2002. Drug susceptibility testing and determination lected by a single round of plaque purificatid®hibo et al.,
of ACV and foscarnet inhibitory concentration was as pre- 2002 and retested to ensure it was phenotypically resistant.
viously described Birch et al., 1992 Briefly, ACV and An identical purification approach was applied to the ACVs
foscarnet were diluted in minimal essential medium con- strains used as controls. HSV DNA was obtained by the
taining 2% foetal calf serum at concentrations of 200, 100, addition of 40ul of culture supernate from plaque-purified
25, 10, 1 and O.jkg/ml. Each drug dilution was added to virus to 2ul of 1% NP-40, followed by incubation at 7C
confluent monolayers of human fibroblasts in a 96-well mi- for 45s. The sequences of primers used in the PCR and se-
crotiter plate which was then incubated for 2 h at @7 Virus guencing reactions for characterisation of the H&\and
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Primers used and their nucleotide position relative to the human HSV-2 genome (accession nuntig&r78&)

Region targeted Primer name nt posifion Primer sequence

HSV-1 and -2tk gene (full length) HSVTKE 48049-4802% 5-TGG CGT KRA ACT CCC GCA CCT-3
TK-AR 47569-47587 5-GAY ATG AGG AGC CAR AAC G-3
TKINT-FOR 47629-47614 5-CGC CCA GAT AAC AAT GRG C-3
TKINT-REV 47278-47297 5-MYC GTA RAC RCG GCG AAA TSG-3
TK-BF 47269-47250 5'-CAA YAC GGT GCG GTA YCT GC-3
HSVTKR® 46811-46832 5-TCT GTY YTT TTA TTG CCG TCA T-3

HSV POL (amino terminus) HSV2-BEGPF 63239-63257 '5GTA TAG CAG GAC AAC GAC C-3

HSV1-BEGPRC
HSV-BEGPA2R

62769-62790
63822-63803

'SCAT TCC CCT CTT TAG GGG TTC G-3
"EAG RAG CGT GAT GAC GGT CC-3

HSVBEGP-BF 63709-63727 "&£AC GTG TAC GAC ATC CTG G-3
HSVBEGP-CR 64301-64284 'E£AG TTA AAC TCG ACG TCG-3
HSVBEGP-DF 64288-64305 '&%BTC GAG TTT AAC TGY ACG-3
HSV-BEGPR 64846-64827 'SCGT ACA TGT CGA TGT TCA CC-3
HSV POL (middle) HSVPOLFE 64801-64822 'BCGC AGC AAG ATM AAG GTG AAC G-3
POL-A2R 65446-65428 '85GT ACA GGC TGG CAA AGT C-3
POL-BF 65157-65176 "BCCA GAA GGG CTT YAT YCT GC-3
POL-CR 65648-65627 'B5AG CGG ATC TGC TTT CGC ATG G-3
POL-DF 6553065548 "B5AC TAC CTG GAG ATC GAG G-3
POL-ER 66072-66052 'B5GT GAA CGT YTT TTC GCA CTC-3
POL-FF 66003-66021 'B5AT GGC GAG CCA CAT CTC G-8
HSVPOLR 66376—-66355 '5GGA CAA AGT CCT GGA TGT CCC TG-3
HSV POL (carboxy terminus) HSVENDPRF 66205-66225 '5CTG CTG TTT TAC GAC GAT ACC-3
HSVENDIN-F 66684—66702 'BCAA GCT GCT GGT GTC CGA G-3
HSVENDIN-R 66771-66753 'BEGTG SGA GAA GTA ATA GTC C-3
HSVENDP-R 67214-67195 'SCAT GCT GTA CGT CAT CTT CC-3

20n the human HSV-2 complete genome, tkegene is in the complement.
b Corresponds to PCR and sequencing primers.
¢ Specific primer with nucleotide position relative to HSV-1 genome (accession number X14112).

DNA pol genes are shown iflable 3 PCR reactions were  Although complete clinical information was not always
carried out using a QIAGEN Tag polymerase kit (QIAGEN, available, many of the drug resistant isolates were from
Hilden, Germany). The cycling program consisted of an ini- patients likely to be immunocompromised, in particular
tial denaturation of 4 min at 94C, followed by 40 cycles  bone marrow transplant recipients or individuals infected
of 30s at 94C and 30s at 60C. An extension time de-  with HIV. All isolates were susceptible to foscarnet (results
pendant on the size of the PCR product was carried out atnot shown). Chromatograms obtained for plaque-purified
72°C, with a final extension of 5min at 7Z. PCR products  viruses did not reveal mixtures of bases, suggesting that
were purified using a QIAquick PCR purification kit (QIA- sequencing was performed on homogeneous populations.
GEN). Purified products were sequenced in the forward and
reverse directions using a cycle sequencing reaction (ABI 3.2. HSV tk polymorphisms
Prism Big Dye Terminator Cycle Sequencing Ready Reac-
tion Kit, Perkin-Elmer, Applied Biosystems Division, Fos- Polymorphisms identified in phenotypically ACVs and
ter City, CA). The reaction products were analysed using ACVTr isolates for each HSV type are shownTable 4and
an ABI Prism 377 automatic DNA sequencer. Derived nu- represented ifig. 1 There were 12 amino acid substitutions
cleotide sequences were analysed and the amino acid sein HSV-1 strains and 7 amino acid substitutions in HSV-2
guence determined using the SeqEd version 1.0.3 progranstrains that were different to the reference wild-type isolates
(Applied Biosystems). (1 and 26, respectively) and occurred in either ACVs strains
only or in both ACVr and ACVs strains. These substitutions
were therefore unlikely to be directly associated with re-
sistance. Fourteen additional polymorphisms were detected
3. Results only in ACVr isolates (HSV-14 = 8) and HSV-2 4 = 6)).
However, these mutations were unlikely to be associated
with resistance because the same isolates already contained
either insertions, deletions or substitutions in sites critical
Tables 1 and 2show clinical information and drug for enzyme function, or had been previously shown by oth-
susceptibility data for the patients and viruses studied. ers to occur in ACVs virusesTéble 4 Morfin et al., 2000.

3.1. Virusisolates and drug susceptibility
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Table 4

Polymorphisms found in th& genes of HSV-1 and HSV-2 ACVs and ACVr isolates

HSV-1 tk polymorphism Phenotype (number of isolates) HSYkDolymorphism Phenotype (number of isolates)
G6C ACVs (2); ACVr (11) R26H ACVs (1)

R41H ACVs (1); ACVr (6) E39G ACVs (1); ACVr (3)
L42P ACVs (2); ACVr (1) D78N ACVs (2); ACVr (15)
R89Q ACVs (3); ACVr (9) A119T ACVs (1)

V192A ACVs (5); ACVr (12) F140L ACVs (5); ACVr (18)
G240E ACVs (1); ACVr (3) A215T ACVs (1)

C251G ACVs (3); ACVr (10) R220K ACVs (1)

L267V ACVs (4); ACVr (10)

T268P ACVs (4); ACVr (10)

E286D ACVs (5); ACVr (9)

G302S ACVs (1)

H376N ACVs (5); ACVr (10)

S23NRP ACVr (2) A19VP ACVr (1)

E36K2P ACVr (2) A27TP ACVr (1)

A140VP ACVr (1) S29A0 ACVr (1)

F161LP ACVr (2) T159P-¢ ACVr (1)

R281Q@P ACVr (2) N245%:¢ ACVr (1)

T265A2P ACVr (1) R284%¢ ACVr (1)

s276@¢ ACVr (1)

v34gp-c ACVr (1)

Isolates 1 Table ) and 26 Table 2 were used as reference sequences.
aNot seen in the ACVs isolates studied here, but previously reported as H8\sdlymorphisms Klorfin et al., 2000.
b Occurring in the presence of mutations known to confer ACVr.
¢Revealed after insertion or deletion in sequence was manually optimised.

3.3. HSV-1 tk mutations conferring ACVr late 26). Comparison of the HSYk sequence of these
. . . two reference isolates with that of wild-type viruses
To enable intrastrain comparison & sequences, the registered with GenBank revealed close nucleotide

viruses studied were compared to a wild-type HSV- similarity irrespective of serotype (results not
1 strain (isolate 1) or a wild-type HSV-2 strain (iso- shown).

(A)

ST L R

W stop ins/del A Q ins V C F del stop

T R 1 B
M R Y D R A R L Q N
AA: 51 53 162 176 189 220 227 341 376
Nt: 430-36 548-53 878-880 896-900 1024

7Gs 6Cs 3Gs 5Cs
C del S H ins/del W ins/del M ins ins stop  del
T R = = S RO
M R P N R \% Y N
AA: 34 85 100 177 192 239 376
Nt: 219-22 433-39 551-56  586-90 626-27 720  808-11
4Gs 7Gs 6Cs 5Cs 2Ts 4Cs

Fig. 1. Mutations identified in thék gene of HSV-1 (a) and HSV-2 (b) isolates resistant to ACV (not to scale). ATP-binding site (ATP), nucleoside-binding
site (NBS) and other regions of titke gene conserved among herpesviridae are indicated by the grey boxes. The codon (AA) and nucleotide (Nt) numbers
of the wild-type HSV sequence are noted below each gene. Mutational homopolymer runs and the Nts involved are indicated by vertical arrows. Amino
acid changes and the relative positions of stop codons (stop), insertions (ins), deletions (del) and either an insertion or a deletion (inslfidatedre i

above each gene. Bars above each gene indicate the locations of polymorphisms.
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Of the 18 HSV-1 ACVr isolates studied, 9 carried previ- Table6 '
ously described mutations that accounted for their resistanceMutations identified in DNApol of HSV-1 and HSV-2 ACVr isolates

(isolates 8—16 iMable 1 Gaudreau et al., 1998; Schmit and Patient HSV-1 DNApol Patient HSV-2 DNApol
Boivin, 1999; Morfin et al., 2000 Isolates 8-14 contained resistance mutations resistance mutations
insertions and/or deletions at G and C rich homopolymer (region) (region)
sites Fig. 1). Isolates 15 and 16 had amino acid substitu- 24 Errig 53 5250%
tions in the conserved ‘active site’ of the enzyme, namely 2> KS32T p-region C) o4 E678 _

. . . L . 25 L583V (Exo Iy 55 R628C §-region C)
the ATP-binding site and the nucleoside-binding site, re- 55 D912\

spectively Fig. 1). Seven HSV-1 isolates contained muta- PySw— i DNl of ACVT T " —
. . - . T nly mutation seen in ol 0 r, foscarnet sensitive virus.
tions not previously described (isolates 17-23Table . b Associated with resistance in previously reported studiegig and

A G deletion from a triple G stretch at nucleotide position y,n¢ 1996: Hwang et al., 1998 Sarisky et al., 2000; Duffy et al., 2002;
880 was observed in isolate 17 and was likely to produce Gilpert et al., 200

a non-functional protein as a result of a stop codon gener-

ated downstream of the wild-type stop codon. Isolates 18 35 sy DNA pol polymorphisms

and 19 contained nucleotide substitutions that produced stop

codons; isolates 2023 contained amino acid substitutions  polymorphisms in theool gene identified in phenotyp-
not previously documented as conferring resistance. Two icq|ly ACVs isolates are shown iffable 5 Analysis of
isolates (24 and 25) had no obvious mutation or substitu- the coding region of the DNApol gene of these ACVs
tion in their tk gene, suggesting that changes in the DNA strains and others obtained from Genbank (accession num-

pol gene were the likely basis for the resistance. bers AB070848, AB070847, HE1CG, HS1POL, AB02389,
HS2POL, HSV2HG52) revealed 12 amino acid substitutions
3.4. HSV-2 tk mutations potentially conferring ACVr in HSV-1 strains and 9 amino acid substitutions in HSV-2

strains. After these polymorphisms were excluded from the

Of the 23 HSV-2 ACVr isolates characterised, 13 carried analysis, amino acid substitutions likely to confer resistance
previously describedk mutations that accounted for their to ACV in the DNA pol gene were identified. No polymor-
resistance (isolates 33-45 Table 2 Gilbert et al., 2002 phisms were detected in ACVr viruses that did not also oc-
(Fig. 1. Isolates 33—44 contained insertions and/or deletions cur in ACVs strains Table 5.
at G and C rich homopolymer sites. Isolate 45 contained
an R177W substitution located in the nucleoside-binding 3.6. HSV DNA pol mutations potentially conferring
site of the enzymeQGaudreau et al., 1998Seven HSV-2 resistance to ACV
strains contained mutations that have not been previously
described (isolates 46-52). Isolates 46—49 contained inser- The entire open reading frame of the DNb&l gene was
tions and/or deletions of single G, C or T nucleotides caus- sequenced in HSV-1 ACVi(= 2) and HSV-2 ACVr { =
ing frameshift mutations. Isolate 50 contained an amino acid 3) viruses that did not contain mutations in thegene
substitution (Y239Stop) which produced a stop codon in a (Table §. Each of these viruses were susceptible to foscar-
novel location; isolates 51 and 52 carried amino acid sub- net. HSV-1 isolate 24 contained a single E771Q substitu-
stitutions whose mechanistic role in resistance requires fur-tion; amino acid substitutions K532T and L583V were found
ther study. Isolates 53, 54 and 55 contained no detectiable in isolate 25. The latter mutation occurred in the Exo llI

mutations. motif, a site conserved among many DNbals and which
Table 5

Summary of polymorphisms in the DNpol of ACVs and ACVr HSV-1 and HSV-2 isolates with no mutations in tkegene

HSV-1 DNA pol Phenotype (number of isolates) HSV-2 D\l Phenotype (number of isolates)
G33S ACVs (3) A9T ACVs (3)

F171S ACVs (1); ACVr (1) S15P ACVs (1)

R330A ACVs (2) P60L ACVs (1)

N522S ACVs (1) E139K ACVs (1); ACVr (1)

A566T ACVs (2) D716N (C-1I} ACVs (1)

T639I ACVs (1) P801T ACVs (2)

E684D ACVs (1) A904G ACVs (2)

M906V ACVs (3) A905E ACVs (2)

K908R ACVs (1); ACVr (1) G906A ACVs (2)

H1124P ACVs (4); ACVr (1)

A1203T ACVs (3); ACVr (1)

A1208T ACVs (3)

aMutation occurring in conserved region II.
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has been shown to be integral to enzyme functidwdng frameshifting in the homopolymer stretch resulting in low
et al., 1998. Of the HSV-2 strains, E250Q, E678G and level production otk (Hwang et al., 1994
R628C/D912N were present in isolates 53, 54 and 55, re- Previously unreported insertions or deletions leading to
spectively Table §. truncatedk were also found in homopolymer repeats of Gs,
Cs and Ts in other regions of the gene, including a C dele-
tion detected in isolate 14 which has been previously docu-
4. Discussion mented in a laboratory-derived mutant but not in a clinical
isolate Gaudreau et al., 19980verall, 59% of the HSV
This study reports on the phenotype and genotype of 41 strains analysed utilised the homopolymer insertion/deletion
ACVr HSV clinical isolates. Phenotypically sensitive iso- mechanism to generate clinical resistance to ACV.
lates were also studied to assess heterogeneity within the Nucleotide substitutions in thek that produced either
tk andpol genes and help determine the frequency of poly- stop codons and a truncattédor a new codon at the site of
morphisms not likely to be related to ACV resistance, al- the substitution occurred less commonly than the homopoly-
though there remains a possibility that these may contribute mer insertion/deletion mechanism. Two HSV-1 isolates
to the generation of resistance in the presence of other(isolates 18 and 19) and one HSV-2 isolate (isolate 50) con-
mutations. tained nucleotide substitutions that produced previously un-
Polymorphisms in thé&k gene of HSV-1 strains have been described stop codons. Two HSV-1 and one HSV-2 isolates
previously described{udo et al., 1998; Morfin et al., 2000 contained previously reported amino acid substitutions in
Our study confirmed several of these and also revealed novelthe ATP-binding site (isolate 15) and the nucleoside-binding
substitutions unlikely to be directly associated with ACVr, site (isolates 16 and 45@udreau et al., 1998Analysis
namely R41H, S276G, G302S and V348l, each of which of the crystal structure of the HStk shows that specific
occurred either in both ACVs and ACVr strains or in the amino acids in these functional sites are essential to main-

presence of a mutation known to cause resistance. tain structural integrity and their mutation renders the virus
Heterogeneity in thek gene of HSV-2 isolates has not resistant to ACV Kussmann-Gerber et al., 1998
been thoroughly described apart from F14Qled et al., Several substitutions whose role needs to be investigated

1999. We identified 12 amino acid substitutions in HSV-2 by mutagenesis were detected in ttkegene. Substitu-
ACVr strains unlikely to be associated with resistance tions in conserved regions likely to have caused ACVr in
(Table 4. One of them, E39G, was found in three ACVr HSV-1 isolates were D162A and R220C. In contrast, the
isolates and one ACVs isolate. Two of the ACVr isolates A189V and L227F mutations identified in isolate 22 were
harbouring this mutation also contained a G insertion at located in non-conserved regiorBalasubramaniam et al.,
the G homopolymer sequence hot spot; the other ACVr 1990. In ACVr HSV-2 isolates, of the detected sub-
isolate had ndk mutation, but did contain an E250Q mu- stitutions R34C, P85S, N100H and V192M, all but the
tation in DNA pol. The E39G change has been previously P85S substitution were located in non-conserved regions
reported as causing resistance to AC¥ag¢adeusz et al., (Balasubramaniam et al., 1990’he presence of these mu-
1997; Bestman-Smith et al., 200&lthough in both cases tations outside conserved regions does not necessarily rule
another mutation was present which could have accountedout their role (either singly or together) in ACVr, and needs
for the resistance. The observation and its presence in anto be confirmed in further experiments.
ACVs isolate suggests its role may be indirect. Of note, Heterogeneity within the HSV DNAbol has not previ-
none of the polymorphisms we detected in HSV-1 and ously been assessed extensively. Amino acid sequence align-
HSV-2 strains occurred itk ‘active sites’ (the ATP-binding ~ ment of the ACVs viruses studied here as well as others ob-
site between amino acids 51 and 63, the nucleoside-bindingtained from Genbank revealed a number of polymorphisms
site at codons 168-176 and 169-177 of HSV-1 and HSV-2, for each serotype. No HSV-1 strains contained polymor-
respectively, and the highly conserved cysteine residue atphisms in conserved regions. The same observation was
amino acid 336 Graham et al., 1995 made for all but one substitution in the HSV-2 strains, the ex-
ACVr HSV strains used several mechanisms to confer ception being wild-type HSV-2 isolate 26 which contained
resistance. The most common was a frameshift mutationa D716N substitution in conserved region |l yet remained
caused either by nucleotide insertions or deletions at ho-sensitive to ACV. Amino acid sequence alignments of var-
mopolymer (G or C) repeat sites. These mutations resultious herpesviruses shows that the position is not conserved
in the formation of a premature stop codon downstream among this group, and includes N716 in HSV-1 DIgal
from the shift and a truncated protein with rk activ- and S716 in cytomegalovirus enzyme.
ity (Sasadeusz et al., 1997They appear to retain replica- We identified amino acid substitutions in both conserved
tive capacity using mechanisms that may include inaccurateand non-conserved regions of DN#I in 5 ACVr isolates
replication by the DNApol of the extended homopolymeric  (12%) with wild-typetk sequence. In HSV-1 isolates these
sequence (leading to the emergence of a subpopulation ofinvolved an E771Q mutation occurring immediately adja-
virus that could produce sufficietit activity to allow reac- centto conserved region Vlin isolate 24 and both K532T and
tivation (Sasadeusz et al., 1997or occasional translational L583V located at the beginning of the consengedegion
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