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ABSTRACT We determined the nucleotide sequence ofabout
1 kilobase of DNA 3' to the 5' long terminal repeat of three non-
infectious and one infectious proviral DNA clones of spleen ne-
crosis virus, an avian retrovirus, to determine if the types of nu-
cleic acid changes involved in retrovirus mutation shed light on
special features of retrovirus replication. An open reading frame
was found starting 411 base pairs from the end ofthe long terminal
repeat. It contained sequences coding for the 36 amino acids at the
amino terminus of the p30 of a related reticuloendotheliosis virus
[Oroszlan, S., Barbacid, M., Copeland, T., Aaronson, S. A. &
Gilden, R. V. (1981) J. ViroL 39, 845-854]. Therefore, the open
reading frame represents the 5' end of the gag gene. A mutation
in one noninfectious provirus changed the initiation codon for the
gag polypeptide; a mutation in another noninfectious provirus
caused premature termination of gag polypeptide synthesis; and
a nontandem duplication into gag resulting from a mistake in initial
(+) strand DNA synthesis changed amino acids and the reading
frame in a third noninfectious provirus. These mutations appear
to be responsible for the lack of infectivity of these provirus clones
and indicate a higher relative frequency of mutation in this region
of the genome. In addition, all four clones have multiple other
mutations. These mutations are mostly base pair substitutions and
many are clustered for any one clone, reflecting certain special
features of retrovirus replication.

Retrovirus replication is unique in that it involves RNA-to-DNA
information transfer as well as DNA-to-DNA and,DNA-to-RNA
information transfers. There have been numerous suggestions
that retrovirus replication is especially prone to errors (for ex-
ample, refs. 1, 2, and 3). However, little is known about the
types of nucleic acid changes involved in retrovirus mutation.
Comparisons of related oligonucleotides obtained after RNase
digestion ofviral RNAs from different strains ofvirus have been
published (for example, ref. 4).
We previously isolated 10 randomly selected proviruses of

spleen necrosis virus (SNV), an avian retrovirus, by molecular
cloning from productively infected chicken cells (5). Four ofthe
10 proviruses are not infectious in DNA transfection assays and
2 proviruses have polymorphisms in restriction enzyme cleav-
age sites. We showed by genetic mapping that the alterations
leading to lack of infectivity in three of the proviruses are in the
same 1-kilobase-pair (kbp) fragment ofDNA but are not allelic
(6).

Therefore, we decided to determine the sequence of this
DNA fragment from several noninfectious proviruses to locate
the alterations and determine their nature. We also analyzed
some additional regions in SNV DNA to determine the nature
of the alterations leading to loss of restriction enzyme cleavage
sites. A number of mutations were found, mostly base pair sub-
stitutions. In addition, one nontandem duplication was found

resulting from a mistake in initial (+) strand DNA synthesis.
The alterations leading to lack of infectivity are mutation of the
sequence for the AUG initiation codon for gag, a frameshift in-
troducing premature termination of gag polypeptide synthesis,
and amino acid changes and a frameshift in the gag gene caused
by the duplication. In addition, all four clones have multiple
other mutations. Many ofthe mutations are clustered in any one
clone.

METHODS AND MATERIALS
Provirus clones 3-73, 13, 63, and 32 from chicken cells infected
with an uncloned stock of SNV were described (5). All but 3-73
are from chronically infected cells. All but clone 32 are not
infectious.

Subelones in pBR322 of the BamHI fragment from 0.56 to
1.92 kbp from the 5' end of the proviruses were made from all
clones but 13 as described (6). Clone 13 had a new BamHI cleav-
age site at 1.14 kbp and thus the same region ofDNA was pre-
pared as two subclones.

Further restriction enzyme cleavage sites were mapped in
the cloned DNA and fragments were subjected to sequence
determination, as indicated in Fig. 1, by the Maxam-Gilbert
procedure (7).

RESULTS
Maps ofSNV DNA are presented in Fig. 2. The region analyzed
starts from a BamHI cleavage site in U5 and ends at a BamHI
cleavage site at 1.9 kbp from the 5' end of viral DNA. Most of
the sequence was the same in all four clones. In the places where
one or two clones were different, it always was-possible to spec-
ify the wild-type sequence. It is presented in Fig. 3 from the
end of the U3 region of the 5' long terminal repeat (LTR). The
first ATG at position 982 in the sequence starts an open reading
frame and is assumed to code for the gag polypeptide (see Dis-
cussion). The proposed sequence for the polypeptide is pre-
sented underneath the DNA sequence in Fig. 3.
The mutations in the DNA sequences and the consequences

for the amino acid sequence of the gag polypeptide are sum-
marized in Table 1 and indicated in Fig. 3. Note that in each
ofthe three noninfectious clones the base changes lead to amino
acid substitutions (clone 63), a frameshift (clone 3-73), or amino
acid substitutions and a frameshift (clone 13) in the gag poly-
peptide sequence. By contrast, the base changes in the infec-
tious clones do not alter the amino acid sequence.

DISCUSSION
As its goal, the present work had understanding the molecular
nature and possible origin of some genetic changes in SNV, an
avian retrovirus. The cloned proviruses studied were noninfec-

Abbreviations: SNV, spleen necrosis virus; kbp, kilobase pair(s); LTR,
long terminal repeat.
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FIG. 1. Sequence determination strategies forBamHI fragments from noninfectious and infectious SNV proviruses. Heavy bars indicateBamHI
subclones. Coordinates are from the previously published sequence of clone 14-44. Fragments were isolated and end labeled at the indicated re-
striction enzyme cleavage sites and, after further digestion, were analyzed by the Maxam-Gilbert technique (7). All chemical reactions were per-
formed at least twice with each fragment except the two at the 5' end of clone 13. Arrows indicate the direction and approximate extent of sequence
determination. All restriction enzyme cleavage sites used for labeling, except Sal I, were subjected to sequence determination in a different reaction.
(Upper) All reactions were done with clones 3-73, 32, and 63 except where indicated. (Lower) Reactions with clone 13 are indicated. Open bar indicates
the duplication of nucleotides 525-578.

tious (clones 63, 3-73, and 13) or had lost restriction enzyme
cleavage sites (clones 32 and 13). All these changes previously
had been shown to be the result ofgenetic alterations in a 1-kbp
region immediately 3' to the 5' LTR (see Fig. 2 for genetic or-

ganization ofthis region). We chose to investigate the mutations
further by determining the sequence in this region from all four
provirus clones.

gag Polypeptide. The gene at the 5' end of all retroviruses
is called gag and codes for proteins in the interior of the virion.
The sequence determination established an open reading frame
of 939 nucleotides from the first ATG to the end of our se-

quence. It seems likely that this open reading frame defines the
gag protein. Beginning 197 amino acids from the proposed in-
itiator Met, we found a sequence of 37 amino acids almost the
same as the sequence of 36 amino acids reported by Oroszlan
et aL (10) as the NH2 terminus of reticuloendotheliosis virus
strain A p30. (p30 is the major protein specified by the gag
gene.) The sequences differ only at position 11, Thr versus Gly;
position 32, Gln versus X; and positions 35-37, Ser-Ser-Phe
versus X-Phe. Both the sequences reported by us and by Orosz-
lan et aL (10) are close to the sequence published by Hunter et
aL (11) but have several differences. We and Oroszlan et aL (10)
used different members of-the reticuloendotheliosis virus spe-
cies; Hunter et aL (11) also determined the sequence of reti-

culoendotheliosis virus strain A p30.
The similarity of the sequences determined by us and by

Oroszlan et aL (10) with different~strains ofreticuloendotheliosis
virus supports the hypothesis that the p30 sequence is relatively
conserved (for example, see ref. 10; also see below).

Lethal Mutations. On the basis of the identification of the
open reading frame for the gag polypeptide, it is now possible
to understand why three provirus clones are not infectious. In
clone 63, a G-to-A transition changes the initiatorAUG to AUA,
thus preventing initiation of the gag polypeptide. (The next in-
phase ATG is not until nucleotide 1523, although out-of-phase
ATGs occur at nucleotides 1089, 1107, 1409, and 1458.) In clone
3-73, the insertion of a C leads to a frameshift and termination
of synthesis of the gag polypeptide. In clone 13, the insertion
of nucleotides 525-578 between nucleotides 1129 and 1139
leads to multiple amino acid changes and a frameshift in the gag
polypeptide. Thus, no gag polypeptide can be synthesized.

Three of the four noninfectious proviruses previously cloned
(5) are mutant within 600 bp of the NH2 terminus-encoding re-

gion of the gag gene and prevent the initiation or cause pre-
mature termination of synthesis of the gag polypeptide. Thus,
either mutations are more frequent in this region or mutations
in this portion of the gag gene are lethal more often than mu-

tations in other coding sequences. Because two of the lethal
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U3IR 400
TCGGGGTCGC CGTCCTGCAC ATTGTTGTTG TGACGTGCGG CCCAGATTCG AATCTGTAAT

R IU5 soAAAACCTTTT CTTCTGAATC CTCAGATTGG CAGTGAGAGG AGATTTTGTT CGTGGTGTTG

BamH I U557o
GCTGGCCTAC TGGGTGGGCG CAGGAITCG GACTGAATCC GTAGTACTTC GGTACAACAT

IPBS PBSI wTTGGGGGCTC GTCCGGGATA CCCTCCCCAT CGGCAGAGGT GCCAACTGCT TCTTCGAACT

ego
TTCTTCGAAC TCCGGCGCCG GTGAGTTAAG TACTTGATTT TGGTACCTCG CGAGGGTTTG

GGAGGATCGG AGTGGTGGCG GGACGCTGCC GGGAAGCTCC ACCTCCGCTC AGCAGGGGAC*000-13 0-13
Sac I gbo

GCCCTGACCT GAGCTCTGTG GTATCTGATT GTTGTTGAGC CGTCCCTAAG ACGGTGATAC
G-14-44 TC-32,13 T-32,,3

Sal 1 870TAAGTCGTGG CTTGTGTGTT TGTTTGTTGC CTTGTGTTTG TTCGTCGTTT GTCGACAGCG
A-13

930
CCTTGCGAAT TGGTGTACCC ACACCGCGCG GCTTGCGAAT AATACTTTGG AGAGCC TTT

n00
GCCTCCAGTG TCTTCCGTCT GTACTCGTCC TCCTCTCCCT CTCCGGCCGG GOT5G9AG

KbnI ~~~~~~~~~~l~e0M0
GCAGGATCGA AGGGGCTTTT AACCCCTCTA GAGTGCATTC TGAAGAACTT CTCTGACTTT
A/oG/ySerL ysG/yLeuLe uThrProLeu GluCys//elL euLysAsnPh eSerAspPhe

Hha I 1le
AAGAAGAGGG CGGGAGACTA TGGGGAGGAT GTGGATTCGT.TTGCTCTGCGAAGTTATGT
LysLysArgA /oG/yAspry rG/yG/uAsp Vo/AspSerP heA/oLeuAr gLysLeuCys

Hoem HOem Xbal 1X>
.GAATTGGAAT GGCACGTT TGGCGTAGGG TGGCCGAAGG AAGGGACTCT AGACTTTAAG
G/uLeuG/uT rpProrhrPih eGlyVo/GI TrpProLysG /uG/yThrLe uAspPheLys

C P-13 I s2s .................. 58 -13

GTGGTAGCCG CGGTCAGGAA' TATAGTTTTT GGGAATCCAG GGCATCCAGA CCAGGTGATA
Vo/Vo/A/oA loVo/ArgAs ni/eVo/Phe cyAsnProG lyHisProAs pG/nVoa/le

TATATAACCG TCTGGACAGA TATAACCATA GAAAGGCCTA AATACTTGAA AAGTTGCGGG
Tyr//eThrV o/rrprhrAs p//eThnI/c 6/uArgProL ysTyrLeuLy sSerCysG/y

Sin I
TGTAAACCCC. ACAGGACCTC TAAAGTTCTG TTAGCTAGCC AAAAATAA TCCTAGGCGG
CysLys Pro/I isArgThrSe rLysVolLeu LeuAloSer& InLys Va/As rProArgArg

-63
s p 1410

CCCGTGCTCC CCTCAGCCCC AGAAAGCCCG CCTCGGATAA GGAGGGCTCA ATTCCTGGAT
ProVo/LeuP roSerA/oPr oG/uSerPro ProArg//eA rgArgA/oG/ nPheLeuAsp

9GAGAGACCCC TCTCT£C«f CpCA99CT iCACCTCCAT ATCCTGAAGT ATCTGCCATT
uArgPrA-32eu~er roA a ro a ro FroProProT yrPro6/u Va / 5erA/lo//e

Pro Avo I
GTAGAGGACA CTCGGGAGGG GCAACAACCA GACTCTACTG TAATGACGAG CCCTCCCCAC
Vo/G/uAspT hrArgG/uG/ yG/nG/nPro AspSerThrV a/MetrThrSe rProPro His

G,G9Y3 v o9 RsaI 590
ACCCGAAGTG GGTTAGAGTT CGGAGCACAA GGGpCGTCAG GGATGTACQC CCTTAGGGAA
ThrArgSerG lyLeuGluPh eGlyA/oG/n G/y roSer6 IyMet Tyr Pr oLeuArgG/u

P30 -j7
ACTGGGGAAC GGGATATGAC TGGCCGCCCC ATGAGAACAT ATGTTCCATT CACCACCTCG
ThrG/yG/uA rgAspMetTh rG/yArgPro MetArgrhrT yrVo/ProPh eThrThrSer

1710
GATCTGTATA ATTGGAMAA CCAAAACCCA TCATCATTCT CCCAGGCTCC AGATCAAGTA
AspLeuTyrA snTrpLysAs nG/nAsnPro SerSerPheS erG/nA/oPr oAspGlnVol

ATTAGCCTAT TAgAATCCGT TTTCTACACA CACCAGCCTA CCTGGGATGA TTGCCAGCAA
IleSerLeuL eu /uSerVo I PheryrThr His /nProT hrTrpAspAs pCysG/nGln

130
CTCCTCCGTA CCCTGTTCAC GACGGAGGAA AGGGAGAGGG TAMGGACAGA AAGTAGGCGG
LeuLeuArgT hrLeuPheTh rTnrri/ufi/u ArguluArgV o/Arg rrI uSerArg rg

leow
GAGGTCAGGA ATGATCAGGG AGTACAGGTC ACTGACGAGC GAGAAATAGA AGCCCAG
GluVo/ArgA snAspG/nG/ yValGlnVol ThrAspG/uA rgG/u //leG uAloGlnPhe

BamH I
CCAGCGATCTC GG=GCACTG GGTAOGMCC
ProA/o hrA rg ro sp r pto I G Iy er

FIG. 3. Wild-type nucleotide sequence of the 5' end of SNV from the end of the U3 region to 1.92.kbp. Base pairs 391-860 (with the exception
of nucleotide 757) are from clone 14-44 (8); the rest and nucleotide 757 are from this paper..Restriction enzyme cleavage sites used or.discussed in
thispaper are indicated. U3, R, U5, and PBS are regions in ornextto the 5' LTR. Mutant nucleotide sequences arelisted below the wild-type sequence.
0, deletion; A, 1-bp insertion; number next to the mutant sequence, clone. The insertion in clone 13 is indicated by brackets. A theoretical trans-
lation of agag polypeptide is presented under the wild-type nucleotide sequence starting at the first ATG (9). The p30 start, from amino acid data
(10, 11), is shown. Proposed mutant amino acids are listed under the mutant nucleotide sequence.
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Table 1. Mutations at 5' end of SNV proviruses

Location, Mutation Mutation
Clone nucleotide in nucleotides in amino acids

63 984 GA Met--Ile
1339 A- G Asn-*Asp

3-73 1512 A-.G None, both Val
1582 Add C Leu-+Pro

Arg--END

13 703 Delete T Noncoding region
704 Delete G Noncoding region
705 Delete G Noncoding region
717 Delete T Noncoding region
764 C-*T Noncoding region
765 T-+C Noncoding region
773 A- T Noncoding region
864 G--A Noncoding region
1122 G-*C Trp-*Cys

1129-1139 Substitution of Many, and frameshift
525-578

1475 A--G Glu-*Gly

32 764 C-.T Noncoding region
765 T- C Noncoding region
773 A--T Noncoding region
1419 C-*A None, both Pro

14-44 757 G- A Noncoding region

mutations are frameshifts, the first hypothesis appears more

likely.
We do not think that these mutations are a cloning artifact

because noninfectious proviruses were found in infected cells
(12, 13), the nontandem duplication in clone 13 must have arisen
during reverse transcription (see below), and other mutations
in clone 13 and 32 are identical (Table 1).

Loss of Restriction Enzyme Cleavage Sites. A second goal
of this sequence analysis was to determine the reason for the
loss of the Sal I cleavage site in clone 13 and the Sac I cleavage
sites in clones 13 and 32. In both cases, we found that transitions
were responsible for the loss of the cleavage sites.

Furthermore, in the sequences ofclones 32 and 13, an A was

found at nucleotide 757, whereas a G was previously found in
clone 14-44 (8). Clone 14-44 has a Hae III cleavage site at this
position, but clones 60 and 70 do not (14). The G-to-A transition
in clones 32 and 13 would destroy the Hae III cleavage site.
Because A is present in four of the five proviruses, it appears
to be the wild-type nucleotide, and clone 14-44 has a mutation.
The similarity of the nucleotide sequences around the mis-

sing Sac I cleavage site in clones 13 and 32 indicates they prob-
ably did not arise independently (see below).

Because single base pair substitutions led to the loss of these
restriction enzyme cleavage sites, these results indicate that
restriction enzyme cleavage site polymorphism is a reasonable
measure of base-pair changes. This assumption had previously
been supported by comparison of the results of restriction en-

zyme digestions and the results of electron microscopic heter-
oduplex analysis of DNA from sheep and goat mitochondrial
DNAs (15).

Other Nonlethal Mutations. In all ofthe proviruses analyzed,
there were other mutations detected in additon to the ones that
led to these clones being selected for sequence determination
(lack of infectivity or loss of restriction enzyme cleavage sites):
one in clone 63; one in clone 3-73; eight in clone 13; and four
in clone 32. (Because three mutations are common to clones

13 and 32, they are only counted once.) In addition, there is one
mutation in clone 14-44 (see above). These mutations include
three transversions, seven transitions, and two small deletions.
Seven of the 12 mutations are in noncoding regions, and 2 of
the 5 mutations in coding sequences are silent. Thus, there are
3 mutations leading to amino acid changes in 3500 nucleotides
identified and 12 mutations leading to changes in RNA structure
in 4620 nucleotides identified (this work and ref. 8). These data
indicate that nonlethal changes in RNA structure occur ap-
proximately 4 times as frequently as nonlethal changes in this
region ofthe gag polypeptide. Thus, the RNA primary structure
of SNV has fewer constraints than the protein sequence.

Consistent with this hypothesis is the high frequency of vari-
ation found in the sequences of LTRs of various retroviruses
(summarized in ref. 16).

Mechanisms of Mutation. One striking feature of these mu-
tations is the similarity of the mutations at positions 764-773
in clones 13 and 32. This coincidence is not likely to be the result
of independent events and thus must reflect a common an-
cestry followed by mutation or recombination. A similar con-
clusion was drawn from the presence ofidentical changes in the
U3 region of LTRs of several SNV clones (14)

All of the alterations in these proviruses leading to a lack of
infectivity are located between the Sal I cleavage site at 0.86
kbp and the BamHI cleavage site at 1.92 kbp (6). Infectious virus
is recovered after cotransfection with a fragment of DNA from
a wild-type virus bounded by these sites and the noninfectious
clones, indicating that recombination occurs with high fre-
quency. In particular, there must be a high frequency of re-
combination between the fragment that starts at 0.86 kbp and
the mutation that is at 0.984 kbp in clone 63.

Furthermore, infectious virus was recovered from cotrans-
fections of all clones in pairwise combinations (6). The short
distance between the lethal mutations in clone 63 at 0.984 kbp
and in clone 13 at 1.129-1.139 kbp again indicates a high fre-
quency of recombination after cotransfection.
Some kind of homologous pairing was probably responsible

for the insertion, in clone 13, of base pairs 525-578 between
base pairs 1129 and 1139. The synthesis of retrovirus DNA is
complicated and apparently involves two jumps of short frag-
ments of viral DNA from one end of the genome to the other
(see reviews in refs. 16 and 17). In particular, in the synthesis
of the (+) strand of viral DNA, a jump of a fragment of DNA
from the 3' end ofviral RNA to the 5' end ofviral DNA has been
postulated. The correct positioning of the fragment that jumps
depends upon homology between the 18 nucleotides in the
primer binding site (PBS in Fig. 2) and the complementary
nucleotides. Fortuitously, nucleotides 1128-1140 (homologous
nucleotides are italic) in the SNV gag gene, G-T-T-T-G-G-C-G-
T-A-G-G-G, have high homology with nucleotides 523-535 in
the U5 region of SNV, G-G-T-G-G-G-C-G-C-A-G-G-G, and
both are in G+C-rich regions.

Thus, a likely sequence of events leading to the nontandem
duplication in clone 13 is that synthesis of the fragment of (+)
strand DNA prematurely terminated and then "jumped" to the
wrong position in the gag gene rather than to the right position
in the primer binding site. A correctjump ofanother DNA frag-
ment then occurred, and DNA was synthesized from this DNA
to the paired region of the first DNA fragment. Action of nu-
clease and ligase resulted in joining of these two DNAs, and the
3' end of the first (+) strand DNA fragment acted as a primer
for further synthesis of DNA, resulting in the 10-bp deletion
found in clone 13. (The duplication ofportions oftwo DNA frag-
ments indicates that reverse transcription took place on both
molecules of virion RNA in a single particle.)

Another striking feature of many of the mutations described

Genetics: O'Rear and Temin
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here is that they are clustered. For example, in clone 3-73 there
are only 71 bp between the two mutations; in clone 13, there
are two deletions between positions 703 and 717; and in clones
13 and 32, there are only 10 bp between the three single base
pair changes.

These clusters do not have characteristics of the mutational
hot spots studied by others (for example, ref. 18). The clusters
in SNV DNA are at different positions in different clones and
the same base pair is not mutant in any one clone, with the
exceptions in clones 13 and 32 discussed above. In addition, the
mutations in SNV are not limited to deletions or insertions as

is the case of mutational hot spots in bacteria. Thus, some ex-

planation other than the sequence of the DNA is probably re-

sponsible for the clusters.
There are two features ofthe synthesis ofretrovirus DNA that

might be especially error prone so as to give clustered muta-
tions: removal of internal RNA primers, and recombination.
Internal ribonucleotides postulated to be the remnants of
primers have been found in unintegrated SNV DNA but not in
SNV proviruses (19). Recombination is also frequent in retro-
viruses (see ref. 20). Both processes might introduce multiple
mutations in a restricted region of the viral genome. Alterna-
tively, there could be selection for further mutations in a region
after the first one occurred. For example, a closely linked sup-

pressor could restore wild-type function. This hypothesis is less
likely than the others because the L region may be analogous
to an intervening sequence and not have functions requiring a

particular nucleotide sequence along its entire length.
The use of restriction enzyme mapping, marker rescue, and

DNA sequence determination has enabled us to define the
molecular nature of lethal and nonlethal mutations in SNV pro-

viruses and to explain the occurrence of a nontandem dupli-
cation. The type and pattern ofmutations reflect the unique life
cycle of retroviruses.
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