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Analysis of a 5,549-base-pair sequence at the left end of herpesvirus saimiri unique (L-) DNA revealed two
open reading frames and genes for five small nuclear U RNAs (herpesvirus saimiri U RNAs). Replication-
competent deletion mutants were constructed in order to assess the importance of these genetic features for
transformation by this oncogenic herpesvirus. Although not required for replication, one of the open reading
frames was found to be required for immortalization of marmoset T lymphocytes into continuously growing cell
lines. The protein predicted by this reading frame (STP; saimiri transformation-associated protein) has a

highly hydrophobic stretch of 26 amino acids sufficient for a membrane-spanning domain near its carboxy
terminus; this domain is immediately preceded by a sequence appropriate for formation of a metal-binding
domain (His X2 His X6 Cys X2 Cys, where Xs are other amino acids). One of two poly(A)+ RNAs that could
encode STP is bicistronic, while the other has a long 5' untranslated region (-1.5 kilobases). Although some

analogies can be drawn between STP and LMP (lymphocyte membrane protein) of Epstein-Barr virus, STP is
not related in sequence to LMP.

Herpesviruses can be classified into three subfamilies
according to biological and molecular criteria (29). A human
herpesvirus serves as the prototype for each of the subfam-
ilies: herpes simplex virus for the alphaherpesviruses, hu-
man cytomegalovirus for the betaherpesviruses, and Ep-
stein-Barr virus (EBV) for the gamma- or lymphotropic
herpesviruses. Among the herpesviruses, only members of
the gamma group have been shown to be oncogenic and to
possess genes whose expressions are associated with trans-
formation. EBV expresses several nuclear antigens
(EBNAs) and a lymphocyte membrane protein (LMP) in
tumor and growth-transformed B cells; these products ap-
pear to be consistently expressed in continuously growing B
cells immortalized by EBV (7). Furthermore, a gene con-
struct expressing LMP is able to transform RAT-1 cells in
vitro, and these transformed cells induce tumors in nude
mice (33).

Herpesvirus saimiri, another member of the gamma sub-
family, produces no signs of disease in its natural host, the
squirrel monkey (25). Infection of other species of New
World primates results in rapidly progressing, fatal lympho-
proliferative diseases including lymphomas, leukemias, and
lymphosarcomas (for review, see reference 12). The virus is
also able to immortalize lymphocytes in vitro (10). The target
cells for herpesvirus saimiri persistence in squirrel monkeys
and for oncogenic transformation in marmosets and owl
monkeys are T lymphocytes (28, 36). The cell lines derived
from immortalization of common marmoset lymphocytes
with herpesvirus saimiri represent a distinct minor subpop-
ulation of T lymphocytes, a T12+ T8+ NKH1+ T4- T
lymphocyte with NK activity (10, 19). The target cell for
transformation by herpesvirus saimiri is thus very different
from that of EBV.

Previous studies have identified a region of the herpesvi-
rus saimiri genome required for immortalization of marmoset
lymphocytes in vitro and for oncogenicity in vivo; this region
is not required for replication of the virus (8, 10). This
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identification was greatly facilitated by the ability to grow
herpesvirus saimiri permissively in monolayer cell lines.
This feature allows for construction of site-specific mutants
via recombination of virion DNA in an infected cell with
cloned, mutated DNA (9). Replication-competent mutants of
herpesvirus saimiri with deletions in this region no longer
immortalized marmoset lymphocytes in vitro and were no
longer oncogenic in vivo; restoration of the deleted se-
quences restored these abilities (8, 10).
We describe in this report the nucleotide sequence and

unusual genomic organization in this region required for
oncogenicity. The results of mutational analyses provide
strong evidence for the requirement for one of two open
reading frames in this region for transformation.

MATERIALS AND METHODS
Molecular cloning and sequencing. The starting parent

cloned DNAs, pT7.4 and pTp8, of the oncogenic herpesvirus

TABLE 1. Replication-competent deletion mutants
of herpesvirus saimiri

Deletion Nucleotides Restriction Ability to Onco-
mutant deleted' sites usedb immortalize genicityc

llattd -310 to +1810
KHd +965 to + 1516 KpnI-HpaI + +
A3 +3328 to +5546 Scal-ScaI + NT
M1B -30 to +457 SstI-SstI - NT
M&1A +457 to +1264 SstI-XbaI - NT
A2B* 1 to +5200 - NT
A2A +1472 to +2851 BglIl-BglIll + NT
S4d +457 to +4275 SstI-SstI -
MR +965 to +4275 + NT

a Nucleotide numbers can be found in Fig. 1. Negative numbers are
nucleotides leftward into H-DNA.

bllatt and A12B* are deletions that arose spontaneously. The limits of the
llatt deletion were determined by DNA sequencing. The limits of the A2B*
deletion are based on restriction endonuclease mapping and are approximate.

c Oncogenicity determined previously (8). NT, Not tested.
d The llatt, KH, and S4 deletion mutants have been described previously

(8, 31).
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GCGCTGGGCT CTCTTO G69G6TTGA ACABTTSTSB GACCCTTACT CTAGCAGCSC
CTCGCCTAG CCACTCT SBGACTSC TCTAAUCACA SSCACASC SCCCCCOCC
CTBCGGTOGCCTTA CTGAATCTC AUCCCAGASS BOTOCOGC
iSTCSCSAOS STCTACSCC TCSAAACCU CYCISGACAC AACASACTC TASCCCCCTC
CCCTASTACA CACASCCCAB CASGCWACTA CrA STCA ACCSABTCC CTCCCCTTSC
TCAASCTCTT TASTACACTT TTTSTCTTTT ATACAATAST TTTATTACTO CATASTATAA
GACATTTACT SCASCACTAT STSATTCACT TTSATTCTTT TACATTTTTT TAAACATAAT

TACTACATTAAACTCASTTA STATTASCTAA CACTACAATA STTBYCT C TTSCTAATT
TYTATSTCA Sr CTTSTACT ATTTSTCACC TTCCASAA TSTSTCCTST TTACASTT
§fTTACCATS TYTAASACTACATT= TAACTSTTTA ICTTACTA CACBSTSCAA

TASTACTATTATT TATTATCTYCrATYT BASTSTTAT SCASCTTT&A

TAAAATATA CA~ACTATTACCATC CAACTTCTTC CAATATSCTA ~TCASTTS
TTCCOTACTT TCTCATTTATA CTTTACA ATCCTTCACT TAdCCAACTTA ASAACTTACATT
SACACTCTAAT CTTCASATTT TTAOCATATA TAATCTTGTST AATTOTACT TC TTCTAATT
TTATATASTA CTTATACTAA ATASCTTOAAA TCTATTT TCATAAT STTTASASAB
TSACAACATO TASCTATCAA CTTASTAACT TAAATTAASAA CTASSTAAAATTTSAC
ATTCTASAAA ATTAACASCT ASTAATOTTTASTCATTTTAAC ACYATSTATC ATAAA1ACTTAC
ACACTTAACT ATATAAATTAT ATSTSATCA TTASATCTCST ATCTAT~A CAASCTCTTT
TATCACTTAT TATAOTOTAC TCTGTCATCAT ATCTACTCCTACTACAAT AOCAAAATTS
AAAAATATAA AAAT ATT AAATAATATAT CTASTACATO TASAA1CTAC TCACTTTATA
TATCTCAAASCACACTTTATTTASTAASATAAAACATATSST STACCAATTA TAGAACTACAT
TTACAATTTTA TTCCTACATT SATAACAT TAAATASATASCATT TTSTSTTTAC TCTTCTGT
CTAGAAGTCAS CATATACCASA SATASOTTATACATAGTTCT TCAAAATAAS AAATTTCTSA
ATACAACATTTC TATCATATC ACA CTACTTSCTTATTM STACATAATA AAACAATCTTC
TTATAABACT ATTAAACAAS CTOTAATTTTT TCAOTTTATTA TAAAATTBAT ACTAASTASTA
ACATTS9ASAAATATSTTTCT ATATAATSTT ATTCATC COOTACAATTTA MTCATACTTA
TTAACTTACAA TASCATACTC CATASTTCACT ATTTACTACC ATACCTACTA AAAACAATTC
TTTSAMTAAC OGTTTTTAAS ACTMSASC TATTATTATTCAICAATTTAS ;TTCACCASTA
TTBTTGAClTA TTASATOT AAATSCTTAT TSAATSTACT CTTACAACTC TAYTTACTAA
A3TTTTGTTTA AOATACTACT AATTTTAOTTA CAMTASASCA OTYTATATAC TTAATTTTT

TTACAATT ATOTACTACATC TAASCACATA TAACTTTTAAA CAOCAAASTTT TTTSCTCTTS
TACAA1TCGCTACASATACCTT TTTTTAAACAGCASCTASTTT TOTTAATAT SACAATCCOAS
ACACTTTCAAAATTTCASAA BACTCSAAACTACC~TCTSTST OTAAAATACA T
ACATAAACTT ATTAATCAATCTAASTSTTTT TATTCTASAA TAAATATAT~ ACTSTCTATAT
GTTAATCATAT TATAATTTOAAASTAATSST TTATCTTTCA CTATTATTTAA TCTTTTASTT
TTCTTACAACC CAAACATCA CAAS3TTA9CT ATTTTSCTSAC AAASSTCATA ATAAACAATA
TTTCTATCATT STTTTTAACC AASCTTCTAC TATCTATTTOAACTTTCAATTA CTTACACA
TTTCTTACTTC TSCTGACACT TATSTCTTTAT TOCAASCATT CATATASACT TATATACTAS
ASTTTTTTCA ATTAGTACAG AATATATTAACASTABAASCAS TTATTTATAS TACATTTT
AAAATAGCAG CAAATTGTCTC TTAACTTAC AATCTTTAAA CATACAATTT CATACSTTAA

AGTACAGATC CGACCTTTTCT AATTSACACTTAA ASGCCT TTCTCTSATAT aTTAT.
CACCTTTCAA TCAATA3AGAT ASATCACCTA CTTTb TAAAT AAFAYCTEATTYY
TAACTAAGCA GCAAATA AATATST&TAST STTCCTTAATTC CAATTOTACCC TCCTTWTAMT
ATTAACATATT TCTASTTAAGTTASSSTTOT TATCTTTCAT CTTTCTTAACA TTTSTCTATCT
CAAAGCACTC CTACATCACA TAAGTAAAAS TACATTTTCA TAAATATA SCTATTAAAM
AACTATCTAT CAATCTTTTCC TCOCTATCTA TTTTCTSATAA TATTCAMT CTTOCTTAAP
AAASTCTAACTTTCACCTACCT ATTTSCTSCAC TSTCATCTTT TAA TTTATA TA~CTATTT
ACTACATAAA TTAOTATTT ATATATACA TTAATAATCAAC CATAATATAT AAAATACATT
AAAGTACAAGCTACATSTSrTT CTTTAATTAC TT3TCATTATT SATTASASTTC CATA1TTCAA
AAA ATTAAT CTTATASCS CTTTSTAAAAA ACASATTATTTCACTATASTG SATSTACAAT
TGATTCTAAAATTTSATTAATSACBOTCTCA CTAACTTCAATAACSTCTCTG ASTATCAICT
ATAAGTATCS CTATTTTCTA TCTCSCTACT TATTACASTT TCTTTSTT TCTASTCACA
ACACCTTTC TTCSCCTCAAAA TTTW TAAA CTTASTACTTATCT CCTCATTAAC
ATSTATTSCTA CASAATCA TTCTATACTM TTCCCTTTA ATATATTTAA TCTTCSATATA
;TTAAcTAATT CTSTASTTTT CAAAASAAT ATTTTTATA TTCTTACAACS ATTTACATT
GTAATTACTC ASTATBACTC T--A---TTTC CAAATACATST ACATCTTCAC CCATAAATTA
AAAATSATCA CAATSATTTTC CCATAATACT TCATATTCTSAATTAATATCA ATTACCTTCTA
CTGACATASAATTATAACTTT TSSTAATCACAAAUTATATAACATAATATA *AAATCATATA

ASTAATTAAAA ASCTAAATAAT CTOTSTTTAC TTTCTCTASTT TATTTTTTS CTSTTTCTA
AGAAGTATCT TTACTATAAC TTACAAAAAT ACASTCTSTTT ATTTTAACTT TAATTTT
ATSSTTAS_CTAAASTTACTT TTASATSCTAT CTAAAAATTCAT CTTSSTATCSTTTMTMT
ATTAL1AATATACATATTTTTCSCCOAC TTATAACATT TTACTTTCTAT TCTATT
ASCATTTCSA TSTTTCTSTTC OCTAATTTCTAAAATCTACTCA ACATATATTSCTTATCTACAA
TAASTCTAAS TAAS TCSTTS ASTTCTTACT TATAAATTTCT TATSTATTA ATTTTACATA
TAAATSCSAATTCTAOCTCAT ATCTTCASASCTTTTOATA CTTAAAAACTT ACAGTCTCT
CCTSTSTTAT AATTATSASTO TSAA1TTTTTS CASATAACST ACTSTTSCCAC SCTGATAAACA
TCATTSTATTS AASTATTCTTACcTSASrAcCAACACSTTTOTTiTITTTTTTAACTTCTA
ATSCCAATTA STSATA TCCATATTCT ATCAAAAATT STSATSCTATATCAAACTS
TCTASCTTC ATATSTOCAATy 10CCTSA MSST TTTAACTTTS TTCA~STC MCTCTTCA

OCTAAAA TCAT T_AACTTT__T__ATAR
CTCTTAA __WTCTTCWT MCT SMfT

STACeTTAcT TACTACTT TACAAT@TITT AWTCTGTCCT TTABACCYY TTTC T
ACACTCTTTG ACCTAAT ACA@TT TAOCTATCTTSMTTAT TCTeTMToT TTVAATTc
ATTATAtATAI AcTTTTATT OTAAGTTTCT TCAACAAAT ACATAAT@TC CTTTCTACA C
AACTACABACTTTTACTAA ATTCAATTT TATAATTTTTATCCTAATT@C TTTTTAC^AA
TBT TACTC AATTACTTATTCAGA@CTTCTTT@CTATT@TACTTA ATCCTCTTA

CTTTACAcTr OTArTTAJT TOAATATTTT MATCTABACJTJTTOCTCCACTOCTATAAAC
TOATCTTTOB AAATTTATB CTTAACAA4CA ACWTATCTTT TTCTTTTTT ABAACTTAC*T

TT4^On OTTATABAB ATA^ABCTm TTCTANBTOTCST TCT^ABAAAAACTAf

*Ti ECCTA ATOTATO CC TSAAT AACTCTCRYTAA ACT8BCA ATCTCTAT4A

AOTCTMTTAA TAWTTAACC TTTATBTTLAA4ALACTAALT TTVAAMAWTV

STP
164 AMINO ACIDS

HSUR 1
143 MT

MSUR 2
115

HSUR 5
114 NT

DHFR
187 AMINO ACIDS

ISUR 3

76 NT

HSUR 4
106 NT

-1So
-120
-60

1
121
101
241
301
361
421
481
541
401
61
721
791
041
901
961
1021
1051
1141
1201
12D61
132l
1381
1441
1501
1561
1621

1741

1861
1921
1981
2041
2101
2161
2221
2291
2341
2401
2461
2521
2581
2641
2701
2761
2921

2941
3001
3061
3121
3181
3241
3301
3361
3421
3481
3541
3601
3661
3721
3791
3941
3901
3961
4021
408i
4141
420i
4261
43e1
4391
4441
4501
4561
4621
4681
4741
4901
4961
4gel4921
5041
5101
5161
5221
5es1
5341
5401
5461
5521

PTRTTTOII TOCTTTIIU _tftRTRIT TIICTTII T19TATT TTOW_ITTT
TSTCTSTAAA ACASATTAAT WSAAAATAC AAAATAAAA TSTATSTSA CAATTCTTAC
TACTATATAS ATATACASTA STTATTTTTT ATAASAASTT TAATTAASCT STATTCAAAT
ACTTTATAS CTTTTATTTC CTSTAACATT TTATAATTTG CATTTCCTST AATATTTTTT
ATSCAATATT TTTTASTACA CSATACATO TTCAAAATTA TTSTTSATTT TTTAAASCTA
ASTTTTAAAA ASCTTSTTTO TTTASTACT
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FIG. 1. Sequence of herpesvirus saimiri DNA at the left junction of H- and L-DNA. The first nucleotide of L-DNA, nucleotide + 1, is the
first nucleotide to digress from the standard H-DNA repeat unit. By this convention, the first 145 nucleotides (nt) of L-DNA actually represent
rearranged H-DNA sequences. Nucleotide -1 in this convention corresponds to H-DNA nucleotide 845 in the H-DNA repeat sequence of
Bankier et al. (2). "L-DNA" nucleotides 1 to 38 correspond to H-DNA nucleotides 1425 to 18 of Bankier et al. (2), with 38 out of 38 matching
nucleotides. Similarly, "L-DNA" nucleotides 39 to 83 correspond to H-DNA nucleotides 1131 to 1175 in the numbering system of Bankier
et al., with 44 of 45 matching nucleotides. "L-DNA" nucleotides 84 to 116 correspond to H-DNA nucleotides 102 to 134 of Bankier et al.,
with 26 of 33 matching nucleotides. Nucleotide 145 and beyond contain low G+C, true L-DNA sequences. There is high concordance between
the nucleotide sequence and the 20+ restriction sites that were previously mapped (9, 20). The Taql site we had determined to be within 100
nucleotides of the H-L-DNA border (20) was actually located 21 nucleotides from the border. A sequence for XbaI cleavage (TCTAGA) at
4069 is not recognized in cloned DNA presumably because of a contiguous GATC recognition site for dam methylation. What had been
mapped previously as single sites for Xbal and Hindlll around 1.2 and 1.3 kbp turned out to be two closely spaced sites for each enzyme at
1,212, 1,260, 1,241, and 1,284 nucleotides. The only correction in the map is the reversal of closely spaced sites for Hpall and FnuDII near
the H-DNA border.

saimiri strain 11 have been described previously (9, 20).
Smaller subclones were constructed based on detailed re-
striction maps. In addition, restriction enzymes Rsal and
Dral, which cleave the cloned herpesvirus saimiri DNA
frequently, were used to generate series of smaller overlap-
ping clones. For sequencing of some regions, series of
nested deletions were constructed by the procedures of
Henikoff (15) from one end of cloned herpesvirus saimiri
DNA, using exonuclease III and Si nuclease. Subclones
generated by the above methods fully covered the 5.6-
kilobase (kb) left-end region of herpesvirus saimiri DNA.
The double-stranded plasmid DNAs were alkaline denatured
and sequenced by the dideoxy procedure of Sanger et al.
(30), using either Klenow or reverse transcriptase enzymes.
In some cases sequencing reactions were performed using
Sequenase brand T7 DNA polymerase (United States Bio-
chemicals, Cleveland, Ohio). Both strands of herpesvirus
saimiri L-DNA in this region were sequenced at least twice
to assemble the sequence data. The limits of the deletion in
llatt were determined by sequencing the appropriate region
of the pT6.0 clone derived from strain llatt virion DNA (20).
The sequences were recorded with a digitizer gel reader
(IBI, New Haven, Conn.) and stored in an IBM XT com-
puter.

Construction of mutant viruses. The llatt, S4, and KH
deletion mutants of herpesvirus saimiri were described pre-
viously (9, 31). The A3, MlA, MlB, and A2A deletion mutants

A

B

C

D

were isolated by using the same basic procedure as that used
for the isolation of S4 and KH. Sequences were eliminated in
cloned herpesvirus saimiri DNA by excision with the restric-
tion endonucleases indicated in Table 1. pA3 was con-
structed by complete digestion of pT7.4 (cloned herpesvirus
saimiri L-DNA sequences +21 to approximately +7400)
with Scal. Elimination of sequences for MlB was achieved
by partial digestion of pTp8 with Sstl. Similarly, elimination
of sequences for pA2A was achieved by partial digestion of
pT7.4 with Bglll. pMIA was constructed by excision of
sequences between the Xbal (1212) and Sstl (457) sites in
clone pHpl.4 (cloned L-DNA sequences +27 to +1520) and
blunting of the ends. After transformation of Escherichia
coli, appropriate clones were isolated and characterized.
Recombinant plasmid pMR was constructed by adding 508

nucleotides of L-DNA sequences from 457 to 964 to plasmid
p54 at its Sstl site. This restored the complete coding
sequences for STP, but nucleotides 965 to 4275 remained
deleted. Recombinant plasmid pMR was checked for conti-
nuity and integrity of the sequences by restriction enzyme
analysis and sequencing across the junction, using synthetic
oligonucleotides as primers.
The limits of the deletions in llatt, KH, and MR cloned

DNAs were determined by DNA sequencing. Cloned DNAs
p3, p1B, p1A, p2A, and p54 were analyzed by restriction
endonuclease mapping and by Southern blot hybridization.
Southern blot hybridization used fragments from within the

Ilifil II i II IIIIIB Ih Ih II 1111111 If 11I IIl llI I In hUEl11lili II lI III I III III lI III i I III I I III 11 1I I lf ill III IIII

. 1 lIi n I II III 111 I11 11NI I f11IIImiI 11 111H Ii 1 I1111 i 1111 I 111111111IIII u1H ll,IIIjI 11 III11H1113 1 IIII .I

11ol I If1 111 111Ull IN 111111 I III IIa lIl li siMINI III In 1111 IEI IIlol11111 III I JulIIfi lI IH II II I1 III I liI I

I'I 11 11 I I I I I II 1111III I I If 111gil I Elo II I Ill1 III II lUll II 1111111 III 111 I 11111 III- I9 I HI UPDHFR
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k

tamp s d vh xdxd bm db c d s m d c

FIG. 2. Analysis of open reading frames. A, Left to right; B, right to left (reverse and complement); C, scale in kilobase pairs; D, relative
locations of restriction sites. Horizontal lines in A and B represent stop codons, derived from the sequence shown in Fig. 1. Code for
restriction sites: t, Taql; m, Hpall; p, Pstl; s, Sstl; d, Hindlll; v, Pvull; h, Hpal; x, Xbal; b, Bglll; k, Kpnl; c, ScaI.
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MAP

KILOBASI
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IMMORTALIZATION

- 310/+1810 (Iltt)

+ 965/41516 (KH)

+ 3328/+5546 (3)
- 30/0457 (18)
+ 457/+1264 (IA)
+ 1/+5200 (2)
+1472/+2851 (2A)

+ 457/+4275 (84)

+ 965/+4275

POLY A RNAs 1
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IN TUMOR CELLSJ
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5TP ~~~~~~~~~~~DH-F
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1 2 5

FIG. 3. Sequences required for immortalization by herpesvirus saimiri. The code for restriction endonuclease sites is the same as in the
legend of Fig. 2; a, SmaI. Hatched bars represent deleted sequences.

deleted sequences to verify the absence of hybridization as

well as larger fragments to confirm the size of appropriate
restriction fragments.
To isolate virus with these deletions, owl monkey kidney

cells (OMK 637 cell line) were transfected with full-length,
infectious herpesvirus saimiri strain 11 virion DNA together
with the mutated plasmid DNA; Ca2+ coprecipitation was

used. Recombinant viruses were identified by a limiting
dilution-spot hybridization assay, purified, and character-
ized as previously described (9). Characterization included
hybridization of Southern blots of restricted virion DNA
with fragments from within the deleted sequences to verify
the absence of hybridization and with larger fragments to
confirm the size of appropriate restriction products. Except
for MR, recombinant viruses showed no evidence of plasmid
vector sequences in their virion DNA.
The A2B* mutant arose spontaneously in a transfected cell

culture. The limits of the deletion were determined approx-

imately by restriction endonuclease mapping of virion DNA.
5'-End analysis by primer extension. Cytoplasmic RNA

was extracted from herpesvirus saimiri strain 11-infected
OMK cells by lysing the cells using Nonidet P-40 in hypo-
tonic buffer as described (23). DNA primer extension anal-
ysis was performed as described (1). Two 35-mer oligonu-
cleotides (L-DNA nucleotides 4536 to 4570 and 4613 to 4647)

were 32P labeled at their 5' termini, using T4 polynucleotide
kinase. After overnight hybridization of 105 dpm of 32P-

labeled oligonucleotide with 40 ,ug of herpesvirus saimiri-
infected OMK cell RNA at 30°C in 80% formamide, the
oligonucleotide-RNA hybrids were precipitated with 0.3 M
sodium acetate and ethanol. Extension reactions of the
labeled oligonucleotide primers hybridized to RNA were

performed using avian myeloblastosis virus reverse tran-
scriptase at 42°C for 90 min. After RNase A digestion, the
samples were precipitated and suspended in 4 RI of formam-
ide loading buffer. The samples were then boiled for 3 min
and loaded onto an 8% polyacrylamide-8 M urea sequencing
gel along with pGEM-2 HpaII DNA size markers end labeled
with [32P]dGTP, [32P]dCTP, and Klenow polymerase.

Immortalization of common marmoset lymphocytes. Im-
mortalization of lymphocytes from common marmosets
(Callithrix jacchus) was attempted in 25-cm2 flasks and in
24-well Linbro tissue culture plates as previously described
(10). Media contained 5 mg of 2-mercaptoethanol per liter.
Immortalization was reproducible with each immortaliza-
tion-competent deletion mutant. For each deletion mutant,
we verified that the virus being produced by the immortal-
ized cell line had the appropriate deletion in its virion DNA.
The deletion mutants that were unable to immortalize com-

+
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+
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3 4
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FIG. 4. Mapping of 5' end of 4.9-kb RNA by primer extension.
Cytoplasmic RNA from herpesvirus saimiri-infected OMK cells was
hybridized to 32P-5'-end-labeled oligonucleotides representing L-
DNA nucleotides 4536 to 4570 (lane 1) or L-DNA nucleotides 4613
to 4647 (lane 2). Labeled, hybridized oligonucleotide primers were
extended by reverse transcriptase and analyzed on a denaturing
polyacrylamide sequencing gel. DNA size markers are shown in
lane M.

mon marmoset peripheral blood lymphocytes were tested on
at least six different occasions.

RESULTS

Nucleotide sequence and genomic organization. The herpes-
virus saimiri genome contains a centrally located stretch of
110 kilobase pairs (kbp) of unique sequence DNA called
L-DNA because it is low in G+C content (36%). This is
flanked at each end by a variable number of 1,444-bp repeat
units called H-DNA that is high in G+C content (71%) (2, 4).
Sequences previously identified as required for transforma-
tion and oncogenicity are located near the left junction of
unique L- and repetitive H-DNA.
Our nucleotide sequencing has identified the transition

sequences at this junction (Fig. 1). Nucleotide 1 of L-DNA is
defined as the first nucleotide to digress from the standard
H-DNA repeat unit. Using this convention, however, the
first 145 bp of L-DNA actually represents rearranged H-
DNA sequences (Fig. 1, legend). The nucleotide sequence in
this region agrees with the location of the junction previously
determined by restriction endonuclease mapping (20).

Analysis of the first 5,549 nucleotides of L-DNA sequence
revealed only two open reading frames larger than 70 amino
acids (Fig. 2). Both open reading frames are present in a
right-to-left orientation. The rightmost open reading frame in
this region was previously shown to correspond to coding
sequences for dihydrofolate reductase (DHFR) (32). The
other open reading frame predicts a protein that we will refer
to as the saimiri transformation-associated protein (STP) for
reasons that are described below.

This 5,549-bp region of herpesvirus saimiri also encodes
five small nuclear U RNAs referred to as herpesvirus saimiri
U RNAs (HSURs) (22, 27, 35). HSURs are found in tumor
cells and are 143 (HSUR 1), 115 (HSUR 2), 76 (HSUR 3), 106
(HSUR 4), and 111 to 114 (HSUR 5) nucleotides in length.
The HSURs assemble into nuclear ribonucleoprotein parti-
cles of low abundance; they bind proteins with Sm determi-
nants and possess a 5' trimethyl-G cap structure. The
HSURs are distinct from any previously characterized cel-
lular U RNAs. Coding sequences for these HSURs are
derived from L-DNA nucleotides 1657 to 1515 (HSUR 1),
2485 to 2371 (HSUR 2), 4752 to 4677 (HSUR 3), 5208 to 5103
(HSUR 4), and 3153 to 3040 (HSUR 5) (Fig. 1 and 3). The
viral genes encoding the HSURs possess conserved en-
hancer, promoter, and 3'-end formation signals typical of U
RNA genes (22, 35). These are the first virus-encoded U
RNAs to be identified. Their role in the virus life cycle
remains to be determined.
Two poly(A)+ RNAs of 4.9 and 2.3 kb were previously

identified from this region in infected cells (18). Both RNAs
are transcribed from right to left, i.e., an orientation appro-
priate for expression of the two open reading frames (18; Fig.
3). The two RNAs were shown previously to be 3' cotermi-
nal, with their 3' ends about 150 bp from the left border of
unique L- and repetitive H-DNA (18). The sequence
AAUAAA, located at nucleotides 166-161 in L-DNA, likely
serves as the signal for poly(A) addition. Although S1
nuclease and exonuclease VII mapping procedures revealed
the presence of two small introns in these poly(A)+ RNAs
(18; Fig. 3), these mapping experiments revealed no evi-
dence for extensive splicing that could result in the creation
of additional open reading frames. Using primer extension,
the 5' end of the 4.9-kb RNA was mapped to the 4716-4728
region in L-DNA (Fig. 4), consistent with the previous Si
and exonuclease VII experiments. Although we have not
determined the 5' end of the 2.3-kb RNA in infected cells by
primer extension, the previous Si and exonuclease VII
mapping studies suggest that it is derived from the 2000-2300
region in L-DNA.

Mutational analysis. Replication-competent deletion mu-
tants of herpesvirus saimiri were constructed in order to
assess the importance of these genetic features for T-cell
transformation. Deletions were constructed in cloned DNA,
permissive OMK cells were cotransfected with virion DNA
plus mutant cloned DNA, and recombinant viruses were
isolated from the lysed cells. Mutant viruses were then
tested for their ability to immortalize common marmoset
peripheral blood lymphocytes (10).
The herpesvirus saimiri deletion mutant A3 is missing the

entire DHFR open reading frame as well as the genes for
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700

AGA GGT CTA GOT
Arg Gly Lou Gly

640

AAT ACT GAT GAA
Asn Thr Asp Glu

590

TTA AAT BCA 966
Lou Asn Ala Gly

520
*

GAA ABC GGA TGC
Glu Ser Gly Cys

460
*

TCT GGC TCA CGG
Ser Gly Ser Arg

400

340

690

GAA GSA SAC CCA
Glu Sly Asp Pro

630
*

AGA AGT GAT GSA
Arg S9r Asp Gly

570
*

CCC TTT BBS CCT
Pro Ph. Gly Pro

510

CCA GSA AGA CCA
Pro Gly Arg Pro

450
*

ABC TCA TCA CAT
Ser Ser S9r His

390

330

GAA SGA CAA SAA GGT
Blu ilu Gln Glu Gly

290 270

OTT ATT ATT OTT TTS CTA
Val II1 II1 Val Lou Leu

680
*

CAA GAA AAC
Sln Slu Asn

620
*

SAT SAT GGA
Asp Asp Gly

560 550

TAT AAT CCC TAC TSC TTS
Tyr Asn Pro Tyr Cys Lou

500

ACA SCA CTA
Thr Ala Lou

440
*

TTA ABC ACC
Leu Ser Thr

380

SAA CAT
Slu His

320
*

SAC AAA TACCA
Asp Lys Cys Thr

260
*

TTA ATC ATA ATT
Leu leI le Ile

430

CCA STA BBC
Pro Val Sly

370

STC TAC SCA
Val Tyr Ala

250

GGT TTA ATS
Gly Leu Met

540
*

CTT BGC CAC CCA
Lou Sly His Pro

420
*

TTA TCA SCA STA
Leu Ser Ala Val

360

GAA OTC GSA ASC
Glu Val Gly S9r

240

CTA STA ATT ATO
Leu Val IeIMet

230 220

TTT AAA AAA ATS TAA
Phe Lys Lys Met ---

FIG. 5. Predicted amino acid sequence of STP. The hydrophobic stretch is underlined. Boxes identify histidine and cysteine residues
appropriate in location and spacing for a putative Zn2+-binding domain.

HSUR 3 and HSUR 4. The A3 mutant nonetheless retains its
ability to immortalize common marmoset lymphocytes. Her-
pesvirus saimiri produced by A3-immortalized cell lines was
verified to contain the 3328-5546 deletion in its virion DNA.
These results demonstrate that DHFR and HSURs 3 and 4
are not necessary for immortalization of common marmoset
lymphocytes by herpesvirus saimiri. Enhancer sequences
for HSUR 5 are also deleted in the A3 virus. Similarly, A2A
deletes the genes for HSURs 1 and 2, and it too still
immortalizes. Cell lines established by A2A grow consider-
ably more slowly than those established by wild-type her-
pesvirus saimiri strain 11 and by the A3 and KH deletion
mutants. Herpesvirus saimiri produced by the A2A-immor-
talized cell lines was verified to contain the 1472-2851
deletion in its virion DNA. These results demonstrate that
HSUR 1 and HSUR 2 are not required for immortalization of
common marmoset lymphocytes by herpesvirus saimiri. In
contrast, deletions that interrupted the STP open reading
frame yielded virus that was no longer able to immortalize.
These include not only large deletions (llatt, S4, and A2B*)
but also smaller deletions confined to the STP region (MA
and A1B).
We sought further evidence for the involvement of STP in

transformation by attempting to convert a nontransforming
strain into a transforming one by adding back the necessary
sequences. For this, we inserted 508 bp into the 3,818-bp S4
deletion mutant to create deletion mutant MR; this addition
was just sufficient to reopen the STP reading frame (Fig. 3).

Addition of these sequences restored the ability of virus to
immortalize lymphocytes. The growth phenotype of cells
immortalized with the MR strain was slow, similar to that of
A2A.
STP. The STP open reading frame is 168 amino acids, 164

amino acids from the first methionine (Fig. 5). The protein
predicted by the STP open reading frame has a highly
hydrophobic stretch of 26 amino acids near its carboxy
terminus (Fig. 5 and 6). This stretch is immediately preceded
by the sequence His X2 His X6 Cys X2 Cys, where Xs are

other amino acids. The amino terminus is acidic and hydro-
philic. No sites for N-linked glycosylation were found.

DISCUSSION

A number of unique features are peculiar to this 5,549-bp
region of the herpesvirus saimiri genome. The gene for
DHFR is the first such gene to be identified in a mammalian
virus (32). The herpesvirus saimiri DHFR gene is highly
conserved as compared with its mammalian cell counter-
parts. It is devoid of intron sequences, suggesting that
herpesvirus saimiri DHFR was acquired by some process
involving reverse transcription. This region also contains
genes for the first virus-encoded U RNAs to be identified
(22, 27, 35). Although clear similarity exists among all five
HSURs, they are distinct from any previously characterized
cellular U RNAs. The organization of the HSUR genes is
also unusual in that they are interspersed within the tran-

670 660
* *

GAT SAA AGC AAC GSA GAT CCT
Asp Slu Ser Asn Gly Asp Pro

610 600
* *

CCT ACA CCA TAC TTA CCT STA
Pro Thr Pro Tyr Lou Pro Val

710
*

ATO SCA
Met Ala

650
*

CCA CAC
Pro His

590
*

ACS CTT
Thr Lou

530
*

GTS CAA
Va- Gln

470
*

ACA CCA
Thr Pro

410

COT STC AST
Arg Val Ser

350

CTO CAC AST
Lou Hi9S-r

290

TTS CTS CTA
Lou Lou Lou

490 480
* *

TCS GSA GCA GTA GGC TTA CCA
Ser Sly Ala Val Gly Lou Pro

GSC TGC GGA GGA GCA GGA AGT GAA
Sly Cys Gly Gly Al& Gly Ser Glu

310 300
* *

SAC TCT GTA ACT ATC CTA
Asp Cys Ser Val Thr Ie1 Lou
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FIG. 6. Hydropathy plot of ST P.

scriptional units containing the DHFR and STP open reading
frames. In mammalian cells, genes for U RNAs can be
clustered (6), but we are not aware of any evidence for
poly(A)+ RNA transcripts overlapping those for U RNAs.
Synthesis of STP from the two abundant poly(A)+ RNAs
found in infected cells would require translation either from
a bicistronic mRNA (4.9 kb) or from an mRNA (2.3 kb) with
a long 5' untranslated sequence. Long 5' untranslated se-

quences are most commonly found among the mRNAs of
cellular oncogenes (21). Bicistronic mRNAs are rare in
mammalian cells, but of the few known examples, one is
from EBV (34).

Five separate deletions that interrupted or eliminated the
STP reading frame yielded virus not able to immortalize
marmoset T lymphocytes. Addition of 508 bp to a nontrans-
forming 3,818-bp deletion mutant reopened the STP reading
frame and restored the ability of virus to immortalize T cells.
Our results provide strong evidence for the requirement of
the STP open reading frame for transformation; it is not,

'ever, required for replication of the virus. The slow
grc . ch phenotype of the A2A and MR constructed viruses
could possibly be explained by the lack of transcriptional
control signals for the 2.3-kb RNA in these mutants and
inefficient expression of STP from the bicistronic 4.9-kb
RNA.
Gompels et al. (14) have shown that open reading frames

at 13 separate sites along the herpesvirus saimiri genome
were unambiguously similar to EBV gene products. These
sequences were more closely related to EBV gene products
than to those of other prototypic herpesviruses. Further-
more, the organization, order, and orientation of these 13
herpesvirus saimiri sequences resembled those of their ho-
mologs on the EBV genome. The STP open reading frame of
herpesvirus saimiri is located in a region of the genome that
corresponds to the location of LMP in EBV. Although it is
possible that STP may be the functional equivalent to LMP,
STP is not related or similar in sequence to LMP. In fact,
STP, DHFR, and the five HSURs all appear to have no
homologs in EBV.
The unique existence of DHFR and U RNA genes in

herpesvirus saimiri suggests the possibility that this whole
region of the genome may have been captured from host cell
sequences. STP is not significantly related to sequences
available in GenBank or NBRF. We have not been able to
detect hybridization of STP sequences to New World pri-
mate cellular DNA at moderate stringency. If STP does
represent a captured cellular gene, either the cellular ho-
molog has not been sequenced yet or the viral gene has
diverged to the extent that similarity is no longer recogniz-
able.
The role of STP in immortalization can only be speculated

upon at this time. Most but not all membrane-spanning
proteins are made with an amino-terminal signal sequence
that is cleaved upon insertion of the protein into the lipid
bilayer. Although STP has a predicted membrane-spanning
domain near its carboxy terminus, it has no signal peptide at
its amino terminus. This is similar in some respects to the
polyomavirus middle T antigen, which has no signal se-
quence at its amino terminus, yet its association with cellular
membranes is believed to occur via a distinct, predominantly
hydrophobic 22-amino-acid domain near the carboxy termi-
nus (24). STP also has a predicted metal-binding domain
similar to the consensus sequence of a zinc finger (3, 11, 13).
However, several aspects of the sequence suggest to us that
it may not be a classic zinc finger involved with DNA binding
and transcription regulation. Zinc finger proteins such as
TFIII A, SP1, and steroid hormone receptors (16, 17, 26)
possess not only two cysteines and two histidines with the
appropriate spacing, they also contain a specific phenylala-
nine and aromatic residues; STP is lacking these latter
characteristics. Furthermore, the transcriptional regulatory
proteins described above have multiple zinc fingers that
chelate zinc and bind DNA; STP has only one putative
metal-binding domain. The ElA protein of adenovirus does
have a single zinc finger motif that binds zinc in a region that
is important for transactivation (5). Further studies will need
to focus on amino acids essential for STP transforming
activity, on the localization and biochemical activities of
STP, and on the mechanisms by which STP brings about
altered T-cell growth.
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