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We report here the nucleotide sequence of a full-length Chinese hamster genomic proviral element,
CHIAP34. CHIAP34 is 6,403 bp long with long terminal repeats of 311 bp at each end. The genetic organization
of CHIAP34 was determined by comparison with intracisternal A particle (IAP) genetic elements from the
mouse and Syrian hamster. Extensive homology at the nucleotide and deduced amino acid sequence levels was
observed between CHIAP34 and the mouse and Syrian hamster IAP elements. CHIAP34 may represent a
defective Chinese hamster IAP genetic element. The gag gene consists of 837 codons, of which 558 codons are
in a single long open reading frame followed by several frameshifts. The pol gene begins with a —1 frameshift
and consists of a long open reading frame of 753 codons followed by a short open reading frame of 103 codons.
The putative env region contains multiple termination codons in all reading frames. CHIAP34 is representative
of the predominant retroviral elements in the Chinese hamster ovary cell genome present at around 80 copies

per haploid genome.

The genomes of most vertebrates are littered with rem-
nants of past retroviral infections. In species of rodents, the
diversity of integrated proviral elements is quite large. The
endogenous retroviruses include type B, C, and A viral
elements (18). Intracisternal type A particles (IAPs) are
defective retroviruses which are encoded by a large family of
structurally diverse proviral elements present in several
hundred to a thousand copies per haploid rodent genome (6).
IAPs assemble on and bud into the endoplasmic reticulum
and are not released from the cell (6). Full-length IAP
proviral genomes from both the mouse (MIA14) and the
Syrian hamster (H18) have been cloned and sequenced (10,
12). Their genetic organization is similar to that of infectious
retroviruses such as Moloney murine leukemia virus. The
first long open reading frame (ORF) encodes the gag gene
product. The pol ORF encoding reverse transcriptase is
entered from the gag gene ORF by a —1 frameshift. In
MIA14, the putative gag region is interrupted by one termi-
nation codon, while in H18, it is interrupted by several
termination codons. Frameshifts also disrupt the pol coding
regions of both MIA14 and H18. The env region is closed in
all three reading frames by multiple termination codons. The
IAP proviral elements are flanked at both ends by long
terminal repeats (LTRs) which contain the appropriate reg-
ulatory elements present in functional LTRs.

IAPs are present in a variety of rodent cells including the
mouse and Syrian hamster (9). While IAPs have not been
observed in Chinese hamster cells, intracytoplasmic parti-
cles associated with kinetochores have been reported (5).
Chinese hamster cells also can spontaneously produce an
infectious endogenous type C retrovirus (8). Since Chinese
hamster ovary (CHO) cells are now extensively used for
production of human pharmaceuticals, we have begun stud-
ies of the structure and expression of retroviral elements
present in the CHO cell genome.
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A full-length provirus, CHIAP34, was molecularly cloned,
and its complete nucleotide sequence was determined.
CHIAP34 is 6,403 bp long with LTRs of 311 bp at each end.
Imperfect long ORFs encode presumed gag and pol gene
products with extensive similarity to those encoded by the
mouse and Syrian hamster IAP genomes. CHIAP34 repre-
sents the first full-length endogenous proviral element iso-
lated from the Chinese hamster genome and is being used to
determine the genomic organization and cellular expression
of the endogenous retroviruses of CHO cells. The extensive
use of the CHO cell for mammalian somatic cell genetic
studies (14) necessitates an understanding of the organiza-
tion and fluidity of the endogenous retroviruses within these
cells. With the primary role that recombinant protein pro-
duction in CHO cells has assumed in biotechnology, infor-
mation on the retrovirus content of these cells has become of
increasing importance.
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FIG. 1. Partial restriction maps of two Chinese hamster genomic
retrovirus elements. CHIAP61 and CHIAP34 proviral elements are
aligned based on shared restriction sites and cross hybridization of
restriction fragments. The genetic organization of these elements is
based on the nucleotide sequence of CHIAP34 as indicated. The
position of the Syrian hamster IAP restriction fragment used as a
probe is indicated as SHIAP probe.
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1 TGTAGGGAGCCGGTTCCTTCATTATCCATTACAATAATGGTGCCTGAAGACACCAAGATG 60

61 TAAATTACTTCACAGGCGCTGGGTAATCTCCATTCCTTTGATCTCTGCCTATCCCGTGGC 120

121  TCATTTGGCCTGAGGAGCTGARGCCATTCATAGGGTAACACTTCCCAGGCGGCTGGCCAG 180

181 CCTTTATAAGGGATGGTTTTCTTGGTTCAGTGTCTCCGCTCTGGTAAGCITATGCATTAA 240
241 AGCTTGTCTGCAGAAGGATCCGAGTGTCCTGCGTGTATTICTTGCTGGCGAGAARATACA 300
301 GCGCGCGGGACATCTGGTGCGGARACCCGGGAACTTGTTAACATCTCCGGCATCACGGAG 360
361 ACCCCTCTAACAGCCOQGATTCAGAACTGE:

TAAGTTC

TATGCTTCA 420
M L H
. . . . . gag —» .

421 TTCTGACACCTTCTTTTTTGACTTTGCTTTTAATTTGCCACCACTATGGGATGGAAAAGC 480
S D TFVFF DV F ATFNTULZPZPIULUWDG K A

481 CTTAATTCTAGTCHTATTCTAATTTTGTTCACATTGGTCTTATATTATGCCCACCGTGG 540
L I L VF I LI

541 CTGGTGTTCCAGTTCGAGACCMGCTTACCCCAGGTAGCCTCCAGCATTATGGGCTCTTC 600
[ S S R P S L Q S 8§ I M G

601 AMACAGAGAGACCTMTTAA\AAACTGTCTAGAGATTGAGGCTTGCTGTCCCATGGTAGC 660
K Q RDUIL I KNOCULETIEA ATCTCTPMMUVA

661 AGAGAGTCAAAAAATGCTTAAAGAGGTACAGGATMTATATCAGAAACCGAACGAGATGA 120
E S Q K v

721 GAGA. TCi AAAAA lll TCC “‘GAAAAA LLLLLL\_AGGATAT 780
R I GA Q KRKDMSKEI KGZPUPOQDTI

781 AAAAAA G ARAAT "!‘ll“"N‘"‘CACACCCCGGTmTTTMGAGAM 840
K K G GE K IGNNTRS G F K R N

841 TAAAGACTCAAAACCTAGCCTCTGCCCTACMCGAMCTAGAGGCCTTGGAGCTAAGCAG 900
K DS X P S L CPTTI KTULEA ATLTETLS S

901 CTCAGACTCTGAGATTTTAGACTCTAGCAAGGAAGCAGAGCTAGAGGAGGAGCTGCCAAA 960
sD SETITITLDSGSSTKTEA AETLTETETETLFP K

961 AATAAAAGCAAATATGAGGCCACCGCCTGTTAATCCAGCGGGTGTGCTTCCATCAGCACC 1020
I KANMPERTETPBTPEVNTEBA AGTYVTLTES AP

1021 CCCATTATTTGGTATTGACTCTTTTTTACCATTAGAGGAGCGAAGGAAATTGCAGATGGC 1080
P LFGTIDSTFETLTPTLETET R RTKTLG OMA

1081 TTTCCCAGTCTTTGMAATGAGGGGGCAAGAGTACA\TGCTCCCGTAGACTATMTCAGAT 1140
E‘l_P7VF E A RV HAUPVDYNU QTI

1141 TAAAGMTTGGCTGMTCAGTCCGGMGTATGGGGTCAATGCCMTTTTACMCMTACA 1200
K EL AE S VRIEKYGVNANTFTTTI

1201 AGTAGAAAGACTAGCAAACTATGCTATGACACCCACTGATTGGGAGACAACAGTAAAAGC 1260
VERTLANTYA AMTTP PTDGWETTV K A

1261 AGTGCTCCCCAATATGGGACAATATATGGAGTGGAAGGCTCTTTTTTATGATGCAGCCCA 1320
L G QYMETWTE KA ALTFEFTYDAAUQ

1321 GGCACAGGCAAAGGCCAATGTCACAGCAGAAAATGAAAATCAGAGACAATGGACCTTTGA 1380
A OAKAPNVYVTAERNTETNG G RTE OWTFE

1381 AATGCTGACAGGACAGGGGCCACATGCCCTCAATCAAACTAATTACATTTGGGGCGTATA 1440
M L TGO QTG GTPHA ALENEOTNTYTIWGUV Y

1441 TGCCCAGATATCAGCTGCCGCCATTAAAGCATGGAMGCATTGACAMMGGGATGMTC 1500
A Q I s W K A L

1501 AGGTGGACATCTTACAMGATAGTCCAGGGGCCCCAGGAGCCATTCTCAGACTTTGTGGC 1560
H L TX I VQGU?PQEZPTFSDTFUV

J. VIROL.

1561 CAGAATGACAGAGGCCGCTAGCCGGATA’H‘CGGTGATGCAGMCAAGCCATGCCTCTGAT 1620
R M T E A A R I F GDAEQAM

1621 TGAACMTTAGTCTTTGMCMGCMCTCAAGMTGCCGAGCAGCCATAGCTCCCCGGAA 1680
Q VF EQATUQEC

1681 AAGTAAAGGTTTACAGGACTGGTTAMGATCTGCAGAGMCTCGGAGGGCCACTTACTAA 1740
§$ K G L QD WULZXTICRETLGGZPTULTN

1741 TGCAGGCTTGGCCGCAGCCATCTTACAMCCCAMGGCGCCGAMTACGTCTGCCTGCTT 1800
A G L A A A L QTQRIRRNT S [

~p12 .
1801 TAACTGTGGAAAAACACGGCACCTT‘““’”“"’-‘- CCTGAA TTAGAGA 1860
K KD CRVPETRTIT RE

1861 AGTGGAGTTGTGCAGGCGCTGTGGAAMGGTTATCATAGGGCCAGCGAATGCAAATCTGT 1920
K G Y H A S E C K s V

1921 GCGGGACATMMGGTAGGCTTTTACCCCCTAGGGAGGMCCTAMGCATCCCMCCMA 1980
RDIKGRLLPPREEPKASQPK
§ I P T K

1981 AAACGGGCCTCGGGGCCCATGGTCCCAGGGCCCTCAGAMTATGGGAACCAGTTCTGGM 2040
G S Q GP Q K Y GNOQF WK
K R A S G P M V P GP S E I WEUPV L E

2041 AAGCAACTCAGAGMGGMGGGACTCCCGAGGACACTCCGGAGTGGACCTGTGTGCCGCC 2100
§ N S E K E G T
KQLREGRDSRGHSGVDLCAA

2101 TCCGACTTCTTATTAATGCCCCAAATGAATGTTCAGCCGGTCCCAATCCAGTCTCCGGGG — 2160
BT S Y *
SDFLLMPQMNYVQPVPIQSEG

2161 CCTTTACCCCCCGCTACCATTGGGCTTATITTGGGCCGAGGTTCCTTGACCTTACAAGGA 2220
P LPPATTIGTLTITLGTRGSTLTTLO QG

2221 CTCATTGIGTATCCTGGAATCGTAGATCCATATCATAAGGAAGAATTCCAGGTCCTCTGC — 2280
G R IPGEPE L L
LI VYPGTIVDEPYHE KTETETFQ QUVLSC
2281 -rccm:ccc-rccsccam'rrc’rccmmccascmsammcmcecmmmmcmr 2340
Q G v

F S I K Q 66D K I AQUL V L L
SSPRGCSP'

2341 mu.uCCC(.:Tm‘t‘rm-
P S P G DR E N

ATTGCACCTCCCGAAAAAGAGCCTTGGGCTCTACCG 2400

cTSRKRATLTGSTG

2401 GTAATGATTCAGCATATCTGGCCATACCCCTAGATGAGAGACCAACTATGAAATTATTGG 2460
N D S A Y L A I P L D E R K L L V

2461 TTAATGGAAAAGAATTTGAGGGGATTACAGATACAGGGGCTGACAAAAGCATCATTTCAT 2520
NGEKETFTETGTITDTGATDTEKTSTTISL

2521 TGCATTGGTGGCCGAAATCCTGGCCTACTGTGACTTCATCACATTCTCTTCAAGGCCTTG — 2580
HWWEPKSWETVTS HSLQGTLG

2581 GATATCAATCCTCTCCAGCTGTTAGTGCTGCCGCCTTGGTCTGGCGGAGCACCGAGGGCA 2640
Q P A V WR S TE G R

2641 GGCAGGGACGC‘l'l‘TACCCCTTATGTCTTGCCCCTCCCAGTAAATCTGTGGGGGCGAGATG 2700
Q GRF TP YUVLPULPVNTLUWGTR RDUV

2701 TGTTACAAGCCATGGGCATGACCCTGACCMTGAGTATTCCCCTCAGGCATCAGCTATM 2760
Q AMGMTTULTNETY S P QA S ATIM

2761 TGACMMATGGGCTAT("I‘ 'CAGGAA CTGGGCAGA AAGGTAGAATAG 2820
G VP GRGILGRI RETZGQGT RTIE

FIG. 2. Nucleotide sequence of CHIAP34, a full-length Chinese hamster genomic IAP proviral element. The DNA sequence of the coding
strand is given. The deduced amino acid sequences of the gag and pol ORFs are placed under the nucleotide sequence. Stop codons are
indicated by asterisks. Protein domains of the gag and pol gene products determined by amino acid and nucleotide sequence homology with
the reported sequences of murine (10) and Syrian hamster (12) IAP elements are indicated. Probable regulatory elements in the LTRs are
underlined and described in the text. Short inverted repeats at the ends of LTRs are underlined with half-arrows. RT, reverse transcriptase;

PBS, primer-binding site.

MATERIALS AND METHODS

Genomic DNA cloning. CHO DUKX B11 cells deficient for
dihydrofolate reductase were used in this study (20). A CHO
cell genomic library in lambda EMBL3 was prepared by
conventional techniques (15). CHO cell genomic DNA was
subjected to partial Sau3A restriction enzyme digestion,
ligated into the BamHI site of lambda EMBL3, and pack-
aged utilizing the EMBL3 vector kit (Stratagene). Restric-
tion enzymes and ligase were supplied by New England
BioLabs. Recombinant plaques were identified by hybridiza-
tion at low stringency (2x SSC [1x SSC is 0.15 M NaCl plus
0.015 M sodium citrate] at 50°C) with a 2.5-kbp HindIII DNA
fragment derived from the Syrian hamster IAP clone H18,
which encompasses most of the pol gene (12). Two clones,
CHIAP34 and CHIAP61, were identified for further analysis.
CHIAP34 was subjected to nucleotide sequence analysis.

DNA sequence analysis. The DNA sequence was deter-

mined for both strands of the 5- and 1.1-kbp BamHI frag-
ments of the CHIAP34 provirus by using a Bal 31 nuclease
deletion series procedure (13) and dideoxy sequencing pro-
cedures (16). The DNA sequence of nucleotides 1 to 443 was
determined by using synthetic oligonucleotide primers (19)
and Sequenase version 2.0 (United States Biochemicals).
The nucleotide sequence between the BamHI sites at 5310
and 5380 was also determined by using synthetic oligonucle-
otide primers. Nucleotide sequences and translations were
analyzed by using the GCG package of genetic analysis
programs (4).

Southern blot DNA analysis. High-molecular-weight DNA
was prepared, and 10 pg was digested, subjected to agarose
gel electrophoresis, and blotted onto nitrocellulose (15). A
S-kbp BamHI fragment derived from CHIAP34 was used
as a probe under low-stringency hybridization conditions.
Syrian hamster kidney (BHK-21) cells and Armenian ham-
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2821 AGCCCATTGAACAAAAAGGGAATCAA! AAAGGA lwuuuml CAT 2880
P 1 EQKGNGO QSTREKGTLGF *
pol X & T G F Y16ar1

2881 TGAGGCHCACGACCCATACCATGGAATACAGAGGACCCGGTATGGGTCTCK‘CMTGGCC 2940
E A S R P I P WNTETDP WV S Q WP

2941 ATTATCCTCTGAAAAGCTGGAAGTAGTCACAAGACTT Acmammumseé 3000
e e R W

3001 ccamacmmcncmcccmemcmccmmmmrmmmm 3060
H L E S S T S P WNGSUPTITVFTITIIKIKIKS

3061 TGGAAAATGGAGGTTGCTCCATGACCTGCGGGCTATTAATAACCAAATGCGCCCTCTGGE — 3120
G KWRTLTLHTDTLT RATINONT OGMTETETLG

3121 TCCTGTCCAGAGAGGTCTCCCTTTGCTTTCTGCGCTACCCCAAAATTGGAAGCTTATTAT 3180
PVOQORGLTPTLTELTSALTPOQNTMHE KTLTITI

3181 TATAGATATTAAGGACTGTTTTTTCTCCATCCCCCTCTTTCCTCGGGACCGGCAAAGGTT 3240
IDIKDTECETFSTIEBLTFTPRDTERTS OGRF

3241 rcccmmrsﬂccc'rcwrmmcn CAGACA CA T 3300
VEPESLPNEHMETPEDTEKT RYOQHWERYV

3301 GCTGCCACAGGGCATGGCCAATAGTCCMCTATATGCCMTI‘GTA‘IGTCCMGGCATX‘ 3360
L P Q GMANSUZPTTIUCGCOQLYVQIKHA AL

3361 GGAACCTGTTAGGAAGCAGTTTACATCCATGATTATGATICACTATATGGATGATATTCT 3420
EPVRKGEGPFTSMTIMTIHTYMDTDTIL

3421 TATCTGCCATAGGMGATAGAGGTCCTGCAACMGCC‘ITCCCCATGCTGGTAGCTGAG‘I'I‘ 3480
c K I EVLQQATFUPMILVAEITL

3481 MMCMTGGGGACTGGAGATAGCA CAGMMGGTCCAGGTCTCAGATACCGGTCTC‘H‘ 3540
K Q WG UL E I ASEZKTUVDQ s G

3541 CCTGGGCTCAGTMTTACCCCAACAAMATMTCCCAMTAGMATACGCAAGGA 3600
L GSVITZPTI KTITIZPZQIKTI

E I R K D

3601 TCATCTGAGAACCTTMATGACTTCCAGMACTCTTGGGGGATATMATTGGCTGAGACC 3660
R T L NDVFQKULULGDTINUWILRP

3661 CTTTTTAMGATCCCCTCTGCAGA"TMAACCCCTT'ITTGACATCCTGGMGGTGAGCC 3720
F L K I P S ADUVLIKUZPULTFDTITULETGTEP

3721 TCATATTICTTCCCCCAGMGCTTTACTCCGGCTGCTTGTCAAGCCCTACAAAMGTGGA 3780
H I S sSs PR ST FTUPAACU QA ALUGQZKVE

3781 MAGGCCTTC‘;CAGGATGCACAATTGCATCGCATAGATGAGACATTGCCATTCAGCCTATG 3840
K AL QD AQULHRTIDTETTLTPTF § c

3841 TGTCTTTMMCGGCTMG‘ITACCGACCGCCATCTTATGGCAGCATGGGCCGTTGCTTTG 3900
VF KTAZKTLUZPT I L W QHGUPULTILW

3901 GA'!'I‘CACCCAAATGCTI‘CCCCCGCTMGATCATTGATTGGTATCCGGATGCTGTCGTGCA 3960
I H PN S P A K I IDWYU?PDA AVVQ

3961 GCTCGCACTTCGGGGMTAMAGCAGCTGTCGCTCAMGGCAGGGACCCTCATCTCTT 4020
L ALRGTII KA AAVAHTFGRDUPUHTILTL

4021 GGTTGTACCTTACACCACTGCGCMATTCAAACTCTMCAGCEACTTCTMTGACTGGGC 4080
Y T A QI QTTLTATSNUD WA

4081 GGTGTTAGHACCTCCTTTTCAGGGAMATTGATMTCATTTCCCMCATCCAATCCT 4140
VLVTS ST FSGIXIDNUHTFUZPIKHEPTIIL

4141 ACAATTTACACAARATCAGGCTATAGTGTTTCCACAGATGACAGCAAAGCATCCAATCCC 4200
QF TQNOQATLITVTEFTPBOQMTA ATEKTHTETIFP

FIG. 2—Continued.

ster lung (AHL-1) cells were obtained from American Type
Culture Collection.

RESULTS AND DISCUSSION

Molecular cloning of CHIAP sequences. A CHO cell ge-
nomic DNA library was screened at low stringency with a
2.5-kbp HindlII fragment derived from the SHIAP clone
H18 (12). This fragment contains most of the pol gene. An
initial screen of 2 X 10° plaques yielded 75 positively
hybridizing plaques. A second screen of 25 plaques yielded 9
positive plaques, which were analyzed by restriction diges-
tion and hybridization with the SHIAP pol probe. From
these, three clones were identified which exhibited BamHI
fragments which hybridized strongly with the pol probe.
Two provirus clones designated CHIAP34 and CHIAP61
were selected for further analysis. Restriction maps of these
two clones are shown in Fig. 1. Based on Southern blot
analysis (data not shown), CHIAP34 and CHIAP61 contain a
common EcoRI site within the gag gene and a BamHI site
near the end of the gag gene. In addition, several HindIIl
sites were detected in common between the clones.

Nucleotide sequence of CHIAP34. The complete nucleotide
sequence of the CHIAP34 provirus was determined. The
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4201 GAATGGGACGGTGGTTTATACTGATGGTTCCAAAACCGGTGTAGGGGCTTATGTTATAGG 4260
N GTVVYTDGSTEKTGVGATYVTIG

4261 AAATAAGGTAGTTTCTAAACAATTCAATGAAACCTCACCCCAGATCGTTGAATGCCAAGT 4320
N K VV S K Q FNETSUPOQTIVETCO QUV

4321 GGTGCTGGAAGTC 'l'l‘GAGGCCmCCGGGGCCACmATATTGTATCAGATECCTCTTA 4380
VL EVULEATFUZPGZPTL vV S DS s Y

4381 ’1‘GTGGTTAATGCAGTCMCCTCCTTGAMCTGCTGGTATMTACGACCCTCCAGCAGAGT 4440
VVNAVNILTLETA I RP S SRV

4441 TGCAGGTATC'H.‘TCAAAMA ACMATTACCC‘I‘ATCAMCAGGAGGHCCCTG!TTTTGT 4500
A G I F Q KI QITULSNRT ERTETEPEPVEF

4501 CACCCATG'l'TCGAGCACAHCGGGGCTCCCAGGACCTA‘IGTCCTCTGGGMTGATTTGGC 4560
S P G P M S S GNDULA

4561 AGACCGGGCCACMAGCTGATGGCTGCCGCCHGTCCACCCAGATACAAGCTGCACAAGA 4620
DRATKLMAAALSTQIQAAQE

4621 Amcmuécscmcmérmcccmmcnacséccmmécmcm 4680
F HORTFETHTVTAETTLE RTRGO OTFA ATLT K

4681 GCAGGAGGCTAGACAAATCGTTACTCAATGTAAAAACTGCTGTGAATTTTTACCTGCACC 4740
QE AR QTIVTOCEKNTECTC CETFTLTPATP

4741 TCATGTAGGMTMATCCGCACGGCATTAGGCCGCTGCAGATGTGGCMATGGATGTTAC 4800
HV 6 I P G I R L QMWQMDUVT

4801 M‘ATGTTGCCTCCTHGGAAAGCNCAATATGTTCATGTCTCAGTGGACACCTGCTCAGG 4860
H F G KL QY VHVYVY SVDTTCSG

4861 CATAAmGTGCCACGCCmGACAGGGGMGGCCGCGCATGTGATTCMCACTGm 4920
I I CATZPULTGEI KA AAHRVYTIOQHTECIL

4921 AGAGGC'I'I‘GGGGTGCCTGGGGTMACCNATATCCTMAAACAGATMTGGGCCGGCTTA 4980
E A WG A WG K P H I LKTUDNGU PR AY

4981 TACCTCTCAAMGTTCCAGCACTTCTGCAGACAGATGGMATTACCCATCTAACTGGCCT 5040
T S Q KF QHFCRO QMETIT T G

5041 ACCTTATAACCCTCAAGGACAAGGCATTGTGWTGNCCCATCGCATCGCACACTTMG 5100
R TR HCGMCP S HRTTL K
P Y N P QG QG IVETG CAHTR RTIABALIHILS

5101 TCTTATTTAATCAAACAAAAGGAGGGAATGGGAGCATCCTTACCCTCGGTGCCAAGAGTT 5160
S YL IKGOQTEKTETGMGASTSTELTPSVEPERY
L1 o«

5161 GCAATATCCANGCACTCmACCCﬂMmCTmCACCGACGCTCAGGGCCATACA 5220
S M AL F TULNTFIULNTTDA G H T

5221 GCGGCCAAGCGTCATACCTCAGAACCTGAAAGGTCTAAGGAGATGGTAAMTGGAMGAT 5280
A A KRHTSEUPEURSI KEMMYVIKWIKTD

5281 GTCTTAACTGGTCTTTGGAGAGGCCCGGATCCTATTCTCATAAGATCCAG GATA 5340
VL.1LTGLWRGEPDTPTITLTIRSTERTS GA AT

5341 TGTGTTTTTCCACAGGATTGAAGAAAATCCTCTGTGGATCCCAGARAGACTCACCCGAAG 5400
CVFPQD*

5401 AGCCTCTTCGGACCTTCARAAGTCGGAACTCCACCCTCTCCCCGGGAGTTGAGAGCCGCT — 5460
5461 ATTGTTATCCAGATTAACTCCTGTCCTTGGCAGAGAGATTGTATCACTGCTTAAGGGGTG 5520
5521 GGGGTGGGATTGTTTGATGCAGCCGTTTGCGGATTGCTGTTACCTCTGGCTGATGTATGA 5580
5581 GAAAGAGGTGGGGGTGGAATTGTTTGATGCAGCCGTTTGCGGATTGATGTTACTTTTGGC 5640
5641 TGGCATGTAAGCTCCAGGGCTCAAACCAAGAGATCGCCCAAGCGCTTATATTTTGGCTAA 5700
5701 CTATGCTTAAGCAATAGCCGCCGGCCAGACAGCTCTTGCACACCCGGAGCCTAGGCTCAT 5760

5761 TGCACAGGGTAGAGTGTCTGGTTTGAGCAGCCCCA TGAGCAAAGGCATC 5820

5821 GCACAGAGTTGCCTAATATACAGGCTTCCCTGGGAGGTACGTTGACCTGCATAAGGGTTA 5880
5881 CCTGCCCCGAGACTCCCTTTCCCAGAAAAACGGCAGAGGACAGGTCGAGAGTACTTCGGG 5940
5941 CCAAGCTAACAGCCTGATGGCGACTCTCGTACACAGTCTTAATGTTTGATTTGGGAAGGT 6000
6001 TCAACCTCTGCCTCTATCCCTCAACATATGGGTGACCTATTTGCTTGTAAAAATATAAAG 6060
6061 CCTTATCATTAATTAATAARARAAGGGGGATATGTAGGGAGCCGGTTCCTGCATTATCCA 6120
6121 TTACAATAATGGTGCCTGAAGACACCAAGATGTAAATTACTTCACAGGCGCTGGGTAATC 6180
6181 TCCATTCCTTTGATCTCTGCCTATCCCGTGGCTCATTTGGCCTGAGGAGCTGAAGCCATT 6240
6241 CATAGGGTAACACGTCCCAGGCGGCTGGCCAGCCTI‘TAQ&GGGATGGTTTTCTTGGTTC 6300
6301 AGTGTCTCTGCTCTGGTAAGCTTATGCATTAAAGCTTGTCTGCAGAAGGATCTGAGTGTC 6360
6361 CTGCGTGTATTTCTTGCTGGCGAGAARATACAACCCGCGGGACA 6404

FIG. 2—Continued.

nucleotide and deduced amino acid sequences of CHIAP34
are shown in Fig. 2. CHIAP34 was 6,403 bp long, with LTRs
of 311 bp present at both ends. The LTRs were 2.3%
divergent from each other, suggesting an integration time of
1.76 million years based on 0.8 million years/1% divergence
(2). Sequence analysis of flanking sequences revealed the
presence of a 6-bp repeat of cellular DNA (GATGAT) at the
ends of the provirus. On each LTR, common structural and
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3. Nucleotide sequence comparison ot CHIAP34 and a murine IAP element, MIA14 (A), or a Syrian hamster IAP element, H18 (B).

Dot-matrix analysis was generated by the GCG program package (4). Each dot represents a minimum homology of 14 nucleotides over a

21-nucleotide interval. The genomic organizations are indicated.

regulatory clements were present (3). The 5’ LTR contained
a CAAT box (CCATT) located at base 143 that was followed
by a consensus TATA box sequence (TTTATAA) at base
182. A probable polyadenylation signal (ATTAAA) was
located at base 235 and was followed by the presumed
polyadenylation site (CA) 9 bp downstream. Downstream of
the 5" LTR, the primer-binding site (PBS) was identified by
its complementarity to 17 of the terminal 18 bases of mam-
malian phenylalanyl-tRNA. Phenylalanyl-tRNA has also
been identified as the putative primer tRNA for Syrian
hamster and murine IAP elements (11). Adjacent upstream
to the 3’ LTR was a typical polypurine tract of 16 bp.
Nucleotide sequence homology with mouse and Syrian ham-
ster IAP elements. Complete nucleotide sequences of mouse
(MIA14) and Syrian hamster (H18) 1AP-related proviral
genomes have been reported (10, 12). A dot-matrix nucleo-
tide sequence comparison between CHIAP34 and MIA14 is
shown in Fig. 3A and onc between CHIAP34 and H18 is
shown in Fig. 3B. Substantial sequence similarity existed
among the Chinese hamster and mouse and Syrian hamster
clements at distinct regions of the genome. Little similarity
existed within the 5’ portion of the genome including the
S’-terminal region of gag. However, beginning with se-
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2000

Il\llll e 11 IIIII\”IN ll IMI ll |IIIIII‘ W

quences which encode protein sequence with homology to
p27 and extending through the pol gene, extensive similarity
was apparent among all three proviral sequences. Sequence
similarity was reduced in the putative env genc and 3'-
terminal sequences. It is evident from this analysis that the
Syrian and Chincse hamster proviruses are more closely
related to each other than either is to the mouse sequence.

Comparison of a partial Chinese hamster provirus se-
quence consisting of the 5' LTR and partial gag gene
sequences (17) with that of CHIAP34 revealed 94% nucleo-
tide sequence homology. However, the absence of signifi-
cant long ORFs in this clone precluded deduced amino acid
comparison with CHIAP34. Several cDNA clones of retro-
virus-related sequences expressed in CHO cells have been
isolated which consist of partial and deleted sequences
without intact gag and pol genes (1). Their relationship to
CHIAP34 is unknown.

Genetic organization of CHIAP34. Translation of the
CHIAP nucleotide sequence revealed the presence of sev-
eral long ORFs (Fig. 4). To determine the genetic organiza-
tion of CHIAP34, we compared the deduced amino acid
sequences of these ORFs with the predicted gag and pol
gene products of MIA14 and H18. By this analysis, ORFs 1

il

6000 bp

ORF 4

WH
L
]

4000

FIG. 4. ORFs of CHIAP34. Stop codons in cach reading frame of the coding-strand sequence are indicated by vertical lines. ORFs
encoding gag and pol protein domains are numbered. ORFs 1 1o 3 compose the gag gene. ORFs 4 and § compose the pol gene.
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FIG. 5. Comparison of deduced amino acid sequences of the gag
gene products of CHIAP34 and MIA14. ORFs 1 to 3 were translated
and combined together based on homology with the reported gag
gene of MIAl4 to generate a putative gag gene product for
CHIAP34. Sequence comparison with the deduced amino acid
sequence of the MIA14 gag gene product is shown. Lines between
amino acids indicate a conserved amino acid residue, while dots
indicate conservative changes. Periods within the amino acid se-
quence indicate gaps inserted for maximal alignment. The processed
protein domains of p27, p12, and prt (protease) are indicated. The
single-letter amino acid code is used.

through 3 were determined to encode the gag gene. Begin-
ning with a methionine codon at base 412, ORF 1 encoded
567 amino acids. As a result of frameshifts around bases 2058
and 2285, ORFs 2 and 3 also encoded gag-related amino
acids. When these ORFs were translated together and com-
pared with the deduced amino acid sequence of the MIA14
gag gene product, significant similarity (61% identity) was
detected beginning at residue 224 within the putative p27
coding region (Fig. 5). This similarity extended to the end of
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FIG. 6. Comparison of deduced amino acid sequence of the pol
gene products of CHIAP34 and MIA14. ORFs 4 and 5 were
translated and combined together based on homology with the
reported pol gene of MIA14 to generate a putative pol gene product
for CHIAP34. Sequence comparison with the deduced amino acid
sequence of MIA14 is shown. Lines between amino acids indicate a
conserved amino acid residue, while dots indicate conservative
changes. Periods within the amino acid sequence indicate gaps
inserted for maximal alignment. The inferred junction between the
reverse transcriptase and endonuclease domains is indicated by
Endo. The single-letter amino acid code is used.

the gag gene product. The amino-terminal 223 residues of
CHIAP34 gag showed no similarity with the corresponding
region of MIA14. This region of gag is highly divergent
between different IAP genomes and shows no similarity with
the gag genes of other retroviruses (6).

OREF 4 is entered by a —1 frameshift from the gag ORF 3
and encodes 752 amino acid residues of the pol gene before
interruption by a stop codon. ORF 5 continues the pol amino
acid sequence for another 91 residues before interruption by
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FIG. 7. DNA blot analysis of genomic organization of IAP-
related sequences in hamster cell lines. High-molecular-weight
DNA from Chinese hamster ovary (CHO) cells, Syrian hamster
kidney (BHK) cells, and Armenian hamster lung (AHL) cells was
digested with BamHI (lanes 1 to 3) or HindlIlI (lanes 4 to 6). DNA
was blotted onto nitrocellulose and hybridized with the S-kbp
BamHI fragment from CHIAP34 which contains both gag and pol
gene sequences. Fragments contained in CHIAP34 are indicated by
asterisks (x). Numbers to the left indicate the sizes in kilobase pairs
of Hindlll-digested lambda DNA.

a stop codon at base 5358. Comparison of the translation
product of these two ORFs with the pol gene product of
MIA14 revealed extensive amino acid sequence similarity
(78% identity) throughout both the reverse transcriptase and
endonuclease domains (Fig. 6). On the basis of this amino
acid similarity, the pol gene of CHIAP34 encodes a protein
of 832 residues. This is close in size to the 867-residue pol
gene product of MIA14. The extensive homology at the
nucleotide and deduced amino acid sequence levels with
Syrian hamster and murine IAP genomes suggests that the
CHIAP34 provirus represents an endogenous IAP-like ge-
nome of the Chinese hamster.

The region corresponding to the env gene contained
multiple stop codons in all three reading frames. Nucleotide
sequence similarity with the env gene of H18 was only 67%.
The greater degeneracy of the env gene compared with the
gag and pol regions suggests that this provirus last moved in
the genome without an intact env gene. The relative conser-
vation of the gag and pol ORFs compared with the env gene
suggests that these intact ORFs but not an intact env gene
are necessary for transposition of the proviral elements.

Organization of CHIAP elements in the CHO genome. The
organization of retrovirus sequences in the CHO cells was
compared with that of cells from several different species of
hamster. High-molecular-weight genomic DNA was isolated
from Syrian hamster (BHK) cells, Armenian hamster (AHL)
cells, and CHO cells and digested with BamHI or HindIII.
Southern blot analysis was performed with the CHIAP34
BamHI fragment as a probe at low stringency. This fragment
encompasses the gag gene and most of the pol gene of
CHIAP34. Comparison of the BamHI digestion pattern
revealed a lack of common fragments between Chinese
hamster and Syrian hamster sequences and no detectable
hybridization with Armenian hamster sequences (Fig. 7,
lanes 1 to 3). Similar comparison of the HindIII digestion
pattern showed a fragment of approximately 2.5 kbp which
appeared to comigrate in the Chinese hamster and Syrian
hamster DNAs (Fig. 7, lanes 4 to 6). Additional Southern
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blot analysis demonstrated that the S-kbp BamHI fragment
(indicated by an asterisk) and the 2.6- and 0.6-kbp HindIII
fragments (indicated by asterisks) comigrated with frag-
ments from CHIAP34 (data not shown), indicating that
CHIAP34 is representative of a large number of similar
members of a family of diverse but related sequences.
Dot-blot analysis of copy number with the CHIAP34 BamHI
fragment as a probe indicated the presence of about 80
copies of hybridizable sequences per haploid genome (data
not shown).

Comparison by Southern blot analysis of CHO cell DNA
and Chinese hamster liver DNA revealed no differences in
pattern or intensity of the retrovirus bands with the
CHIAP34 BamHI fragment as a probe (data not shown). The
observation that the pattern and intensity of IAP elements in
the Chinese hamster liver DNA and CHO cell DNA are the
same indicated that no significant rearrangements or ampli-
fications of these proviral sequences have occurred since
CHO cells were derived from the Chinese hamster. Since the
hybridization pattern of provirus sequences in the genomes
of Chinese hamster cells and Syrian hamster cells did not
exhibit extensive common components, the proviruses may
have entered the Chinese hamster genome after the diver-
gence of the Chinese hamster (Cricetus griseus) from the
Syrian hamster (Mesocricetus auratus) 7.5 million years ago
(2). The absence of hybridization with Armenian hamster
cell DNA suggests that the proviral sequences are more
distantly related or are absent.

While IAPs are common in most rodent cells, they have
not been reported in CHO cells (6). Syrian hamster cells but
not Chinese hamster cells can be induced to produce I1APs
and IAP-related RNA by treatments which block DNA
methylation such as S-azacytidine (7). Treatment of CHO
cells with 5-azacytidine or iododeoxyuridine did not induce
expression of retrovirus-specific RNAs detectable by North-
ern (RNA) blot analysis with the CHIAP34 fragment as a
probe, while similar treatments of BHK cells did induce
expression of retrovirus-specific RNAs (data not shown).
The inability to induce IAP expression in CHO cells suggests
that the retroviral elements in the Chinese hamster genome
are under transcriptional regulation which is different from
that of the elements in other rodent cells.
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