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A Gene for Dihydrofolate Reductase in a Herpesvirus

JouN J. TRIMBLE, SHRIDHARA C. S. MURTHY, ANKE BAKKER,
RALPH GRASSMANN, RONALD C. DESROSIERS*

The enzyme dihydrofolate reductase (DHFR) is found ubiquitously in both prokary-
otes and eukaryotes. It is essential for de novo synthesis of purines and of deoxythymi-
dine monophosphate for DNA synthesis. Among viruses, however, only the T-even
and T5 bacteriophage have been found to encode their own DHFR. In this study a
gene for DHFR was found in a specific subgroup of the gamma or lymphotropic class
of herpesviruses. DNA sequences for DHFR were found in herpesvirus saimiri and
herpesvirus ateles but not in Epstein-Barr virus, Marek’s disease virus, herpes simplex
virus, varicella-zoster virus, herpesvirus tamarinus, or human cytomegalovirus. The
predicted sequence of herpesvirus saimiri DHFR is 186 amino acids in length, the
same length as human, murine, and bovine DHFR. The human and herpesvirus saimiri
DHFRs share 83 percent positional identity in amino acid sequence. The herpesvirus
saimiri DHFR gene is devoid of intron sequences, suggesting that it was acquired by
some process involving reverse transcription. This is to our knowledge the first
example of a mammalian virus with a gene for DHFR.

HREE DISTINCT BUT RELATED
groups of herpesviruses have gener-

ally been recognized. A human her-
pesvirus serves as the prototype for each of
these groups (I). Herpes simplex virus is the
prototype of the alpha group, human cyto-
megalovirus (CMV) is the prototype of the
beta group, and Epstein-Barr virus (EBV) is
the prototype of the gamma or lymphotro-
pic  herpesviruses. Herpesvirus — saimiri
(HVS) and herpesvirus ateles (HVA) are T-
lymphotropic viruses of New World pri-
mates closely related to each other in se-
quence (2). Although genetic relatedness
between these New World primate viruses
and EBV was not obvious from hybridiza-
tion studies, evidence suggests HV'S is more
closely related to EBV than to alpha or beta
herpesviruses (3). HVS and HVA naturally
infect squirrel monkeys (Sasmiri sciureus)
and spider monkeys (Ateles sp.), respectively.
Herpesviruses are known to encode en-
zymes for nucleotide and DNA synthesis—a
luxury afforded perhaps by the large size of
their genomes. Herpesvirus-encoded en-
zymes involved in nucleotide metabolism
and DNA synthesis that have been identified
to date include thymidine or deoxypyrimi-
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dine kinase (4), ribonucleotide reductase
(5), DNA polymerase (6), deoxyuridine tri-
phosphatase (7), exonuclease (8), uracil-
DNA glycosylase (9) and thymidylate syn-
thase (TS; E.C. 2.1.1.45) (10). The TS gene
has been found in HVS, HVA, and in
varicella-zoster virus but not in other
herpesviruses (10-12).

Dihydrofolate reductase (DHFR; E.C.

Fig. 1. Nucleotide se- 10
quence of herpesvirus
saimiri strain 11 DNA
encoding a predicted di- 70
hydrofolate  reductase.  s&T aac 176 ccT
Nucleotides 1 and 564 &' = == Fre
of the sequence shown
are nucleotides 4532 and
3969, respectively, of L-
DNA from the left H-L
border. DNA of this re-
gion of HVS was cloned
previously (32, 34). Sev-
eral subclones were then
generated into PGEM
vectors (Promega). In
addition, a series of nest-
ed deletion clones were
obtained by using Exo-
nuclease III and S1 nu-
clease (36). Exonuclease
III was used to specifi-
cally digest DNA unidi-
rectionally from a 5’
protruding end. Por-
tions were removed at
various time intervals,
trimmed with S1 nucle-
ase, and religated to

*
ATG GTT CAA GCA CTA AAC
Met val Gln Ala Leu Asn

TGG CcA
Trp Pro

130
*
ACA TCT TCY GTA CCA GAT
Thr Ser Ser Val Pro Asp
190

»
ATT CCT GAG AAG AAC CGG
Ile Pro Glu Lys Asn Arg

as0
*
AAG GAG CTT CCA CAT AGA
Lys Glu Leu Pro His Arg
310
*
ACC GAA CAG CCA GAA TTA
Thr Glu Gln Pro Glu Leu
370
*
GTG TAT AAA GAA GCT ATG
Val Tyr Lys Glu Ala Met
430
»*
CAA GAC TTT GAA TGT GAC
Gln Asp Phe Glu Cys Asp
490
*
ATA GAA TAT CCA AGT GTT
Ile Glu Tyr Pro Ser Val
550

*
GAA GTA TAT GAG AAG AAT

Cys Ile Val

Arg Leu Met Asn Asp Phe Lys His Phe Gln Arg Met Thr

AAA CAG AAT
Lys Gln Asn Leu Val Ile Met Gly Lys Lys Thr

200
*

260

»*
GCT CAT
Ala His Phe Leu Ala Lys Ser Leu Asp Asp Ala Leu Lys Leu

320
*
GCA AAT AAA GTA GAC ATG GTC
Ala Asn Lys Val Asp Met Val Trp

380
*

440
*
ACC TTT
Thr

500
*

*
cat
Glu Val Tyr Glu Lys Asn His -—-

1.5.1.3) catalyzes the reduction of dihydro-
folate to tetrahydrofolate, an essential step
for de novo glycine and purine synthesis and
for the conversion of deoxyuridine mono-
phosphate to deoxythymidine monophos-
phate (dTMP). The central role of DHFR
in DNA precursor synthesis and its sensitiv-
ity to inhibition by drugs such as methotrex-
ate have made DHFR the target of antican-
cer chemotherapy. For these and other rea-
sons, DHFR has been extensively studied
and much is known about its synthesis,
regulation, and escape from drug inhibition
(13). Among viruses, however, only the T-
even and T5 bacteriophage have been found
to encode their own DHFR (14). In this
report, we describe a naturally occurring
DHEFR gene in a mammalian virus.

The genome of HVS contains a 110-
kilobase-pair (kbp) sequence of DNA called
L-DNA (36% G+C). This is flanked at each
end by 1444-bp repeat units of repetitive
DNA called H-DNA (71% G+C) (I15).
Our nucleotide sequencing near the left H-L
DNA border of HVS strain 11 revealed an
open reading frame of 246 amino acids that
was 187 amino acids (L-DNA nucleotides
4532-3972) in length from the first methio-
nine (Fig. 1). The amino acid sequence
predicted by this open reading frame was
highly related to sequences for cellular
DHER obtained by others (16—19) (Fig. 2).
Cellular DHFR of human, murine, and
bovine origin is initially synthesized as a
187—amino acid product, with the initiating
methionine then being cleaved to yield va-
line as the first amino acid of mature enzyme

20 30 40 50 &0
*

* * *
GCT GTA GCT CAA AAC ATG GGC ATT GGC AAA CAA
Ala Val Ala Gln Asn Met Gly Ile Gly Lys Gln

*
TGC ATT GTT

80 90 100 110 120
* * * * *
AGA CTT ATG AAT GAT TTT AAA CAT TTC CAA AGA ATG ACT ACT
Thr
140 150 160 170 180
* » » »* *
TTA GTG ATT ATG GGT AAA AAG ACT TGG TTC TCA
Trp Phe Ser

230
* *

240

210 aa0
*

*
CCT TTA AAA GGC AGA ATT AAT GTT GTT CTC AGC AAG GAA CTA
Pro Leu Lys Gly Arg Ile Asn Val

Val Leu Ser Lys Glu Leu
300
*

TTA AAA CTT

270 280 290
* * *
TTT TTA GCT AAG AGT TTA GAT GAT GCT

330 340

350 360
* »* * *
TGG ATA ATT GGA GGT AGT
Ile Ile Gly Gly Ser

TCT
Ser
400 420

390 410

* * *

*
AGT TAT CCA TGC GAT CTT AAA CTG TTT GTG ACT AGG ATC ATG
Ser

Tyr Pro Cys Asp Leu Lys Leu Phe Val Thr Arg Ile Met
450
*
TTT CCA GAA TTT GAT CTA GAG AAA TAC AAA CTT TTG

Phe Phe Pro Glu Phe Asp Leu Glu Lys Tyr Lys Leu Leu

460 470 480
* * *

510 520 530 540
* * * *

CTT TCT AAT GTG CAA GAA GAG AAA AGT ATT AAG TAC AAA TTT
Leu Ser

Asn Val Gln Glu Glu Lys Ser Ile Lys Tyr Lys Phe

560

TAA

yield clones with the desired deletions. Dideoxy sequencing reactions were resolved on buffer gradient,
6% acrylamide (1 m long) sequencing gels (American Bionetics).
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(19); the HVS DHFR coding sequences
have thus been conserved without deletions
or insertions. The human, mouse, and bo-
vine cellular DHFRs have 83, 78, and 74%
amino acid identity when compared to HVS
DHEFR; the predicted HVS DHFR amino
acid sequence is 67% identical to chicken
DHFR (Fig. 2). By comparison, the mu-
rine-bovine and murine-human DHFR ami-
no acid identities are 84 and 89% (16). The
sequence of squirrel monkey DFHR is not
yet available. The human DHFR amino acid
sequence has been compared previously
with that of Escherichia coli, Lactobactllus
caset, Leishmania, and T4 bacteriophage
(20).

The mammalian cell DHFR gene is
spread out over 26 kbp or more and is
transcribed with at least five introns (21,
22). The genomic DHFR sequence in HVS,
in contrast, is devoid of intron sequences.
Since the HVS DHEFR is more closely relat-

Fig. 2. Amino acid se- *
quence comparisons of ~ H. saimiri
dihydrofolate  reduc- :I'Iuma“ cs s
tase from  various B°l{se P s
sources. The sequence -0V R i
. Chicken RS S c
of human, murine, bo-
vine, and chicken .. *ox
DHFRs = were de-  yyman
scribed prgvnously Mouse >
(16-19). While hu- o= .
man, murine, and bo-  chicken o
vine DHFRs contain
186 amino acids, the  H. saimiri
chicken  DHFR has  Human NH CH
189 amino acids due to Mouse EQ NE GH R
the presence of three  Bovine z DK GHVR
additional amino acids  Chicken A EK INHR
at the carboxyl termi- .
. *\ H.saimiri VYEKNH
nus. An asterisk (¥*) in-
. . Human D
dicates those amino ac-
. . . jouse KD
ids believed to be in- g0 )
volved in binding t0  cpicken Q sVLAQ

NADPH and metho-

ed to mammalian cell DHFR than to any
other DHFR that has been analyzed to date,
these results suggest that the HVS DHFR
gene was acquired from the host cell by
some process involving reverse transcrip-
tion, as has been suggested previously for
intronless human DHFR pseudogenes (23).

Although the HVS DHFR coding se-
quences appear to be well conserved, the 5
and 3’ noncoding, flanking sequences di-
verge markedly from those of human origin
(Fig. 3). No significant similarity was noted
between sequences 5’ to the HVS DHFR
initiation codon and the RNA sequences 5’
to the initiation codon of human DHFR.
Flanking sequences 3" to the HVS DHFR
stop codon are similar to the equivalent
sequence in human DHFR only over 28
nucleotides (68% identity) (Fig. 3). Beyond
that, significant sequence relatedness was
not observed. By contrast, the 5’ flanking
region preceding the initiating ATG of

£60

kk Kk kK * * Fokkk

(M)VQALNCIVAVAQNMGIGKQGNLPWPRLMNDFKHFQRMTTTSSVPDKQNLVIMGKKTWFSI

N D P R E RY EG
N D PRE Y EG 3
N P R E QY v ZG R
D P R EY Y S EG
* « 120

PEKNRPLKGRINVVLSKELKELPHRAHFLAKSLDDALKLTEQPELANKVDMVWIIGGSSV

L R P QG SR v
R P RG R I S v
I R P KG N E 1QD T B XV
I R AKG YS A LDS  KS voTA
. . 180

YKEAMSYPCDLKLFVTRIMQDFECDTFFPEFDLEKYKLLIEYPSVLSNVQEEKSIKYKFE

S 1 P G D G

E S I G P G E DG

E A A 1F P G PLD E DQG
LHE § 1 YKDF T G PADI DG Q

trexate which are highly conserved in enzymes from several sources (16, 17). Where spaces are blank, the
amino acid is the same as that of herpesvirus saimiri.

5' NON—CODING -—— (Met) Val Gln Ala Leu Asn Cys Ile Val Ala ...
H. saimiri +es CTAGAGAAGA AGAAGTCITT AGTTAGTATT ATG GIT CAA GCA CTA AAC TGC ATT GIT GCT ...
* % *k * Kk & hkk hkk * khkk hhk Ahhkk Ak *k hkk
Human AGCGGGCTCG  GAGGTCCTCC CGCTGCTGTC ATG GTT GGT TCG CTA AAC TGC ATC GIC GCT ...
(Met) Val Gly Ser Leu Asn Cys Ile Val Ala .
180
Lys Phe Glu Vval Tyr Glu Lys Asn His Stop ——— 3' NON-CODING
H. saimiri «.. AAA TTIT GAA GTA TAT GAG AAG AAT CAT TAA TACAAATGTC TITTACAGGT GAAGATGTCA
hkk hkk Akk hkk hkk kkk khkk  kkk *k kkk kk  kk kk hhkkk kk & *kk hkk
Human .o AAA TIT GAA GTA TAT GAG AAG AAT GAT TAA TATGAAGGTG TITTCTAGIT TAAGTIGTTC
Lys Phe Glu Val Tyr Glu Lys Asn Asp Stop
3% NON-CODING (Continued)
H. saimiri TGTATTTGTG AAAACTTACA TATACATTAT AAATTCACAC AACTCTATCA GCTTTTAGTA ...
* * *k * *k k Kk kkk * * k k & *
Human CCCCTCCCTC TGAAAAAAGT ATGTATTTTT ACATTAGAAA AGGTTITTTG TTGACTTTAG ...

Fig. 3. Identity in the 5’ and 3’ noncoding sequences of HVS and human dihydrofolate reductase. The
sequences immediately upstream and downstream from the DHFR coding sequences are compared. An
asterisk (¥) indicates identical nucleotides. Significant identity was not observed in sequences 5’ or 3’

beyond those shown.
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mouse and human DHFR genes is highly
conserved as far as —1200 bp and is highly
G-C-—rich for the first 300 nucleotides (21,
24). Homology between the 3’ flanking
sequences of mouse and human DHFR
genes extends only 100 nucleotides beyond
the termination codon (21). The divergence
of flanking sequences in HVS, particularly
the loss of 5" G-C-rich conserved sequences,
may reflect its origin from reverse transcrip-
tion of messenger RNA and the acquisition
of viral transcriptional control signals rather
than divergence from the cellular upstream
sequences. The conservation of only the
DHFR amino acid coding sequences in
HYVS suggests that it confers useful function
and selective advantage to the virus.

Complete nucleotide sequences have been
obtained for EBV (25), varicella-zoster virus
(26), and herpes simplex virus type I (27).
Furthermore, the sequence of more than
50% of the human CMV genome has been
completed (28). This has allowed sequence
comparison with the HVS DHFR gene.
DHFR-related sequences were not identi-
fied in the genomes of EBV, varicella-zoster
virus, herpes simplex virus, or in the por-
tions of human CMYV sequenced to date. We
have also used a *?P-labeled HVS DNA
probe containing the DHFR sequence to
search for related sequences in a variety of
herpesvirus DNAs using Southern blot hy-
bridization (29). DHFR-related sequences
were detected in A, B, and nonA-nonB
strains of HVS [see (30) for classification]
and in HVA. DHFR -related sequences were
not detected in MareK’s disease virus, herpes
simplex virus, human CMYV, and herpesvi-
rus tamarinus [a herpes simplex—related vi-
rus of New World primates (31)]. Thus,
DHER genes have been detected in a specif-
ic subgroup of gamma herpesviruses but not
in other herpesviruses of the alpha, beta, and
gamma groups.

Although we have not specifically demon-
strated viral-encoded DHFR enzymatic ac-
tivity, it seems likely that the HVS DHFR
gene will encode an enzymatically active
protein. First, an abundant 4.9-kb polyad-
enylated RNA, appropriate in location and
direction for this open reading frame, was
previously mapped to this region; the 5’ end
of this 4.9-kb viral RNA in infected cells has
been mapped previously to just upstream
from the DHFR open reading frame (32).
Our sequencing suggests that the ATG at L-
DNA nucleotide 4532, which could encode
the first methionine of the DHFR open
reading frame, is likely to represent the first
AUG from the 5’ end of this RNA. Second,
study of cellular DHFR has suggested that
certain key amino acids involved in binding
nicotinamide adenine dinucleotide phos-
phate (NADPH) and methotrexate are con-
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served in DHFR from bacterial to mamma-
lian enzymes (16, 17); these key amino acids
(* in Fig. 2) are well conserved in the HVS
DHER sequence.

The central role of DHFR in DNA syn-
thesis is demonstrated by its increase in
activity in rapidly dividing cells and the
sensitivity of such cells to folate analogs.
Among the folate-requiring enzymes, TS is
unique in its consumption of 1 mole of
reduced folate for every mole of dTMP
generated. This stoichiometry requires coor-
dinated regulation of the two enzymes. This
has been accomplished in T4 bacteriophage
by overlapping the TS and DHFR genes
(14) and in the protozoan parasite Leishma-
nin by production of a bifunctional TS-
DHEFR polypeptide (20). The DHFR and
TS genes of HVS are located near the
opposite ends of the unique sequence L-
DNA. Both of these regions are consistently
retained in HVS-transformed T-cell lines in
which large segments of the L-DNA central
region are lost (33). The DHFR gene is
apparently not required for immortalization
or replication in vitro by HVS since replica-
tion-competent virus strains have been con-
structed that delete all or part of the DHFR
coding sequences yet retain their ability to
immortalize T cells and to replicate in per-
-missive monolayer cell lines (34, 35). The
presence of DHFR and TS genes in HVS
and HVA, however, could facilitate virus
reactivation or replication in resting T cells.
The maintenance of TS and DHFR genes
may be particularly important in providing
adequate dTMP pools for viruses such as
HVS and HVA, which have unusually high
A+T content. A possible role for HVS
DHER in persistent infection, latency, and
reactivation from latency can now be investi-
gated by using susceptible New World pri-
mates as host.
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Synaptic Reorganization in the Hippocampus
Induced by Abnormal Functional Activity

THOMAS SUTULA, HE X1A0-X1AN, JOSE CAVAZOS, GRAYSON SCOTT

Abnormal functional activity induces long-lasting physiological alterations in neural
pathways that may play a role in the development of epilepsy. The cellular mechanisms
of these alterations are not well understood. One hypothesis is that abnormal activity
causes structural reorganization of neural pathways and promotes epileptogenesis.
This report provides morphological evidence that synchronous perforant path activa-
tion and kindling of limbic pathways induce axonal growth and synaptic reorganiza-
tion in the hippocampus, in the absence of overt morphological damage. The results
show a previously unrecognized anatomic plasticity associated with synchronous
activity and development of epileptic seizures in neural pathways.

HE HIPPOCAMPUS RECEIVES CON-

verging neocortical, subcortical, lim-

bic, and brainstem inputs via the
perforant pathway to dentate granule cells
that in turn project to CA3 hippocampal
neurons via mossy fiber axons (I). These
pathways undergo synaptic reorganization
in response to lesions (2) and also demon-
strate long-lasting increases in synaptic effi-
cacy in response to certain patterns of affer-
ent activity (3, 4). Repeated activation of
neural pathways can induce seizures and a
permanent epileptic state (kindling) (5). Us-

ing the Timm method to identify hippocam-
pal mossy fibers (6), we observed that syn-
chronous perforant path activation and kin-
dling of limbic pathways induce mossy fiber
sprouting and synaptic reorganization in the
dentate gyrus, in the absence of overt
CA3/CA4 lesions.

The Timm method is a histochemical
technique that stains neural elements con-
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