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1. A larger fragment, extending from a 
Kpn I restriction endonuclease site 0.3 
kilobase upstream from Acc I down to 

Nucleotide Sequence of the p21 Transforming Protein of 

Harvey Murine Sarcoma Virus 

Abstract. Harvey murine sarcoma virus is a retrovirus which transforms cells by 
means of a single virally encoded protein called p21 has. We have determined the 
nucleotide sequence of 1.0 kilobase in the 5 '  half of the viral genome which 
encompasses the has coding sequences and its associated regulatory signals. The 
nucleotide sequence has identzj7ed the amino acid sequence of two additional 
overlapping polypeptides which share their reading flames and the carbo.uy1 fermini 
with p21 but which contain additional NH2-terminal amino acids. 

The Harvey murine sarcoma virus 
(Ha-MuSV) is a replication-defective 
transforming retrovirus (I). The 5.5-kilo- 
base genome contains a rat-derived se- 
quence that is required for Ha-MuSV- 
mediated cellular transformation (2, 3). 
This conserved gene encodes a 21,000 
dalton phosphoprotein [p21 has, former- 
ly known as p21 Ha ras (I)] which has 
guanine nucleotide binding activity (4). 
The cellular rat DNA sequences coding 
for p21 has are represented by two 
genes, c-has I ,  which is composed of 
four exons and three introns, and c-has 
11, which is colinear (by heteroduplex 
analysis) with the viral has sequences 
(5). The p21 encoded by c-has I is closely 
related to, but distinguishable from, viral 

p21 has (v-has) (5, 6 ) .  Another related 
transforming retrovirus, Kirsten murine 
sarcoma virus (Ki-MuSV), also encodes 
a p21 which cross-reacts serologically 
with the p21 of Ha-MuSV; approximate- 
ly two-thirds of the tryptic peptides of 
Ha and Ki viral p21 protein are the same 
(7). We have derived the nucleotide se- 
quence for the transforming gene of Ha- 
MuSV from which the amino acid se- 
quence of p21 has has been deduced. 
Oroszlan et a / ,  have confirmed (8)  the 
deduced amino acid sequence by direct 
sequencing of many peptides labeled 
with tritiated amino acids. Sequences 
important in the transcription and trans- 
lation of this gene have been identified. 
Moreover, the structure of the gene p21 

the same 3' end (Pst I), previously had 
been cloned within the late region of 
SV40 (10). In studies on the messenger 
RNA (mRNA) transcribed from the chi- 
meric SV40-Ha-MuSV molecule, the 5' 
terminus of v-has mRNA was mapped to 
a location 160 bases upstream from the 
Hind I11 site in Fig. 1 (10). Accordingly, 
we analyzed the nucleotide sequences in 
this fragment for sequences related to 
the Goldberg-Hogness box TATAAA 
(11) (T, thymine; A, adenine). There are 
three such sets of sequences, around 
positions 45, 137, and 165. On the basis 
that the 5' ends of RNA transcripts gen- 
erally lie approximately 25 nucleotides 
downstream from the 3' end of the con- 
census sequences (II) ,  the putative 5' 
ends of the transcripts (by RNA poly- 
merase 11) would map at approximately 
positions 70, 162, and 195. This is con- 
sistent with the approximate location ob- 
served for the primary transcript from 
the SV40-Ha-MuSV recombinant (10). 

The sequence in Fig. 2 shows a fourth 
putative RNA polymerase I1 start site at 
position 16 downstream from a TA- 
TAAA box located around position 45; 
however, this transcript would be from 
the antisense strand. If this fourth RNA 
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Fig. 1. Schematic representation of the 5' half of the Ha-MuSV genome. The upper line denotes that part of the 5' genomic half which contains the 
p21 hus sequences. The locations of the NH2-termini of p30 and p21 as well as of key restriction sites are marked. The region between the 
restriction sites Acc I and Pst I-map positions 3650 and 4710, respectively, as defined in (2)-is enlarged below. The numbers 0 to 1000 refer to 
the nucleotide positions in Fig. 2, and key restriction sites (Sac I, Sac 11, Bgl I. Sma I, Hind 111, Pvu 11) are placed on this scale. The numbers (I), 
(2), and (3) next to AUG represent the initiation sites for the coding sequences of p30, p29, and p21, respectively. The putative 5' ends and 5' to 3' 
directionality of transcripts initiated by RNA polymerase (pol) I1 and I11 are indicated. The hachured boxes represent the location of the p21 and 
p30 coding sequences; these proteins have a common COOH-terminus but distinct NH2-termini. The locations of the formic acid cleavage sites 
and of the phosphorylation site (phosphothreonine) are denoted on the coding sequences by arrows. 
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polymerase I1 start site did exist in vivo, 
it would not be able to code for any 
polypeptide, as the mRNA would have 
translational termination codons in all 
three reading frames downstream from 
position 16 (12). Another important tran- 
scriptional feature was the localization of 
a potential RNA polymerase 111 promo- 
tor. The first control region is generally 
located about ten nucleotides down- 
stream from the 5' end of the RNA 
having the concensus sequence of 5'- 
GUGGPyNNPuGUGG-3 (G, guanine; 
U, uracil; Py, a pyrimidine; Pu, a pu- 
rine; and N, a nucleotide), and the sec- 
ond is about 50 nucleotides downstream 
from the 5' end, with a consensus se- 
quence of 5'-GGGUUCGAANCC-3' (C, 
cytosine) (13, 14). The sequence be- 
tween positions 53 and 64 in Ha-MuSV 
(5'-GUGUUUUGGGGG) has 10 out of 
12 nucleotides homologous to the first 
(consensus) control region and the se- 
quence between positions 113 to 124 
(GGGUUCGGUCCC) has 10 out of 12 
nucleotides homologous to the second 
(consensus) control region. This would 
place the 5' end of a putative RNA 
polymerase 111 transcript around posi- 
tion 45 to 47 (Fig. 2), a location consist- 
ent with published data (15). We still 
cannot assess the physiological signifi- 
cance of this sequence in determining 
transcripts within the Ha-MuSV genome 
in vivo. Another important feature of 
this sequence is the presence of a short 
imperfect direct repeat sequence (15 out 
of 17 are identical): 5'-AAAACA- 
TAGTGTTTT-3' and 5'-AAAACATA- 
TAGTGTTT-3' located at 46 to 59 and 
159 to 175 (Fig. 2), respectively. This 
repeat sequence overlaps the promotor 
sequences of the two RNA polymerase 
I1 starts. 

The three potential AUG initiation co- 
dons are in the same reading frame (Figs. 
2 and 3). Moreover, this reading frame is 
open over a stretch of 725 nucleotides in 
which the other two reading frames con- 
tain numerous stop codons. On this ba- 
sis, amino acids have been assigned to 
the sequence between nucleotides 185 
and 910. From the above transcriptional 
information, it appears that the v-has 
sequences (Fig. 2) have at least three 
potential translational initiation codons, 
located at amino acid positions -53, 
-39, and + I .  This suggests that three 
distinct polypeptides may be specified 
by this viral gene. These polypeptides 
would be of sizes 30,000 (p30, initiating 
at amino acid position -53), 29,000 (p29, 
initiating at -39), and 21,000 daltons 
(p21, initiating at + I ) .  Although studies 
of Ha-MuSV-transformed cells have in- 
dicated that p21 is the only protein defi- 
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nitely encoded by the viral genome, a 
minor species of p30 was found in addi- 
tion to the major p21 species in African 
green monkey kidney cells infected with 
the SV40-Ha-MuSV recombinant (10). 
These two proteins (p30 and p21) shared 
most of their tryptic peptide maps (16). 
The third polypeptide (p29), which has a 
putative initiation codon at position -39, 
has yet to be detected. The nucleotide 
sequence in Fig. 2 suggests the presence 
of two formic acid cleavage sites (formic 
acid, which cleaves between aspartic 
acid and proline residues, should cleave 
twice within p30 and only once within 
p21), at amino acids -36 and +34. This 
prediction has been confirmed by the 
cleavage of [35S]methionine labeled p30 
and p21 with 70 percent formic acid 
(8). 

It generally is recognized that in eu- 
karyotic translational systems the first of 
several successive AUG codons is pref- 
erentially recognized by ribosomes for 
the initiation of translation (IT). Our data 
suggest that the ATG at position 185 
(Fig. 2) initiates p30, the one at position 
224 initiates p29, and the one at position 
341 initiates p21. The fact that the latter 
is downstream to the first two suggests 
that, if initiation of translation could oc- 
cur internally, then all three RNA mole- 
cules (with 5' ends located around posi- 
tions 70, 165, and 195) could potentially 
encode p21, thereby explaining the rela- 
tive abundance of p21 over p30 in trans- 
formed cells. 

We have considered two possibilities 
for the translational controls. First, on 
theoretical grounds the AUG signals are 

GCTCAGTGATAGAGCTCTTGCCTAGCACGCAAGCCCT~GGTTCGGTCCC~CCAGCTCTG~~A~A_AAGGAAAGAGAACAA 
- 4 1  

W met p r o  a l a  a l a  a r g  a l a  a l a  p r o  a l a  a l a  asp g l u  
AACAAAAACAT_A_T&GIGTTTTATCTGTGCTT ATG CCC GCA GCC CGA GCC GCA CCC GCC GCG GAC GAG 
- 4 0  -71  -- 
p r o  met a r g  asp p r o  v a l  a l a  p r o  v a l  a r g  a l a  p r o  a l a  l e u  p r o  a r g  p r o  a l a  p r o  g l y  
CCC ATG CGC GAC CCA GTC GCA CCC GTC CGC GCC CCC GCC CTG CCC CGC CCC GCC CCG GGG - 2 0  -1 
a l a  v a l  a l a  p r o  a l a  s e r  g l y  g l y  a l a  a r g  a l a  p r o  g l y  l e u  a l a  a l a  p r o  v a l  g l u  a l a  
GCA GTC GCG CCA GCA AGC GGT GGG GCA AGA GCT CCT GGT TTG GCA GCC CCT GTA GAA GCG 

1 2 0 
met t h r  g l u  t y r  l y s  l e u  v a l  v a l  v a l  g l y  a l a  a r g  g l y  v a l  g l y  l y s  s e r  a l a  l e u  t h r  
ATG ACA GAA TAC AAG C T T  GTG GTG GTG GGC GCT AGA GGC GTG GGA AAG AGT GCC CTG ACC 

2 1  t ~ i n d m  4 0  
i l e  g l n  l e u  i l e  g l n  asn h i s  phe Val asp g l u  t y r  asp p r o  t h r  i l e  g l u  asp s e r  t y r  
ATC CAG CTG ATC CAG AAC CAT T T T  GTG GAC GAG T A T  GAT CCC ACT ATA GAG GAC TCC TAC 

4 1 K n 

g l n  g l u  g l u  t y r  s e r  a l a  met a r g  asp g l n  t y r  met a r g  t h r  g l y  g l u  g l y  phe l e u  cys 
CAA GAA GAG TAT AGT GCC ATG CGG GAC CAG TAC ATG CGC ACA GGG GAG GGC TTC CTC TGT 
81 1 0 0  

v a l  phe a l a  i l e  asn asn t h r  l y s  s e r  phe g l u  asp i l e  h i s  g l n  t y r  a r g  g l u  g l n  i l e  
GTA T T T  GCC ATC AAC AAC ACC AAG TCC T T T  GAA GAC ATC CAT CAG TAC AGG GAG CAG ATC 
101 i 7n --- 
l y s  a r g  v a l  l y s  asp s e r  asp asp v a l  p r o  met v a l  l e u  v a l  g l y  asn l y s  cys asp l e u  
AAG CGG GTG AAA GAT TCA GAT GAT GTG CCA ATG GTG CTG GTG GGC AAC AAG TGT GAC CTG 
1 2 1  1 4 0  
a l a  g l y  a r g  t h r  v a l  g l u  s e r  a r g  g l n  a l a  g l n  asp l e u  a l a  a r g  s e r  t y r  g l y  i l e  p r o  
GCT GGT CGC ACT GTT GAG TCT CGG CAG GCC CAG GAC C T T  GCT CGC AGC T A T  GGC ATC CCC 
1 4 1  1 6 0  
t y r  I l e  g l u  t h r  s e r  a l a  l y s  t h r  a r g  g l n  g l y  v a l  g l u  asp a l a  phe t y r  t h r  l e u  v a l  
TAC A T T  GAA ACA TCA GCC AAG ACC CGG CAG GGT GTA GAG GAT GCC TTC TAC ACA CTA GTA 
1 6 1  1 8 0  
a r g  g l u  i l e  a r g  g l n  h i s  l y s  l e u  a r g  l y s  l e u  asn p r o  p r o  asp g l u  s e r  g l y  p r o  g l y  
CGT GAG A T T  CGG CAG CAT AAA CTG CGG AAA CTG AAC CCG CCT GAT GAG AGT GGC CCT GGC 
181 7nn - - -  
cys met s e r  cys l y s  cys v a l  l e u  s e r  t e r  
TGC ATG AGC TGC AAG TGT GTG CTG TCC TGA CACCAGGTGAGGCAGGGACCAGCAAGACATCTGGGGCAG 

TGGCCTCAGCTAGCCAGATGAACTTCATATCCACTTTGATGTCGCTCG ( 9 9 7 )  

Fig. 2. The nucleotide sequence of the v-has gene. The nucleotide sequence. determined from 
both the strands (26, 27), corresponds to the enlarged portion of Fig. 1 .  This sequence does not 
include approximately 20 nucleotides adjacent to both the Acc I and Pst I restriction sites. The 
bracketed numbers (74 to 997) at the right of each line refer to the nucleotide sequence. From 
the single large open reading frame and ATG triplets in this sequence, we have deduced an 
amino acid sequence between nucleotides 185 and 910. The numbers at the right and left of each 
line above the amino acids refer to this deduced amino acid sequence. The positions of the NH,- 
terminal amino acids for p30, p29, and p21 are -53, -39, and + I .  respectively. The dashes 
underline the putative Hogness-Goldberg box ( 1 1 ) .  The two sequences within boxes represent 
the first and second sets of concensus sequences for RNA polymerase 111 (13, 14). The solid 
bars highlight the repeat sequence described in the text. The phosphothreonine residue at amino 
acid position +59 is marked by a solid box. 



that the two proteins may transform cells 
through similar mechanisms. Neverthe- 
less, the fact that these two distinct p21- 
coding genes have been conserved in a 
wide range of species (7, 24) suggests 

Fig. 3.  Hypothetical secondary structures of 
the three RNA polymerase I1 transcripts. The 
nucleotide sequence generated in Fig. 2 pin- 
pointed three putative RNA polymerase I1 
transcripts whose 5' ends are located at nucle- 
otides 70, 162, and 195. The ribonucleotide 
sequences corresponding to these three tran- 
scripts were analyzed by the computer analy- 
sis method of Shapiro et al. (19) in order to 
generate the hypothetical secondary struc- 
tures shown in panels (a), (b), and (c), respec- 
tively. The 5' and 3' ends of each transcript 
are labeled. The numbers 1, 2, and 3 show the 
positions of the translational initiation codon 
AUG for p30, p29, and p21, respectively. 

preceded at 341 by GCG, at 224 by CCC, 
and at  185 by CTT. Only the sequence at 
position 341 would fit the model for 
translation proposed by Kozak (18) 
whereby translation is initiated at the 
sequence PuNNAUG. Second, the sec- 
ondary structure of the three different 
RNA species putatively transcribed by 
RNA polymerase I1 can be predicted by 
computer analysis of the most stable 
conformation of the RNA's (19). These 
computer models would predict the 
availability of any particular AUG codon 
for the initiation of translation. The AUG 
codon at  position 341 is in a less stable 
configuration within all three RNA struc- 
tures (Fig. 3). This would render the 
AUG codon into an open loop configura- 
tion so that the p21 translational initia- 
tion codon might be recognized in all 
three different RNA molecules. Never- 
theless, we have obtained evidence (20) 
that only information downstream from 
the p21 AUG codon at  position 341 is 
required for cell transformation; a DNA 
fragment from Sac I (positions 309 to 
314) to Pst I (positions 1017 to 1022) 
cloned downstream to the Ha-MuSV 
long terminal repeat (LTR) sequences is 
capable of efficient cellular transforma- 
tion and p21 expression. 

In the three models, the first AUG 
codon (position 185 initiating p30) is in 
an open configuration while the second 
AUG codon (position 224, initiating p29) 

is in a closed configuration. This might 
explain the abundance of p30 and the 
absence of p29 in Ha-MuSV transformed 
cells (1). The p21 protein is synthesized 
as a precursor which is cleaved after 
translation (21) and phosphorylated at a 
threonine residue at amino acid position 
+59 (22). The posttranslational cleavage 
occurs at the carboxyl terminus, as  de- 
duced by formic acid cleavage of both 
the precursor and the mature p21 poly- 
peptide. The nature of the processing at 
the carboxyl terminus of the polypeptide 
has not been determined. 

We have compared the amino acid and 
the nucleotide sequence of v-kis (9) to  v- 
has. The NH2-terminal amino acids of 
both p21 has and p21 kis are Met-Thr- 
Glu-Tyr-Lys-Leu-Val-Val-Val-Gly -Ala 
(23). The NH2-terminal region half of the 
polypeptides shows very extensive ho- 
mology (1 10 of 120 amino acids). There 
is very little homology (3 of 22 amino 
acids) a t  the respective COOH-termini. 
Nevertheless, overall the p21's share ap- 
proximatedly 81 percent of their amino 
acids. Interestingly, 19 of the 33 changes 
between the two are conservative (with 
the exception of the final 22 amino acids 
of the polypeptides, 12 of 16 changes are 
conservative). Furthermore, of the 168 
nucleotide changes, 105 do not alter the 
specified amino acid. This highlights the 
strong evolutionary conservation pres- 
sure upon the polypeptide and suggests 

that their physiological functions, al- 
though perhaps similar, may be distinct. 
The final 22 amino acids of the polypep- 
tides may mediate major structural 
changes in the proteins that cause v-has 
and v-kis to  have distinct functions. 
Alternatively, the regulation of expres- 
sion of the two genes may be distinct. In 
this connection, p21 has expression has 
been found to be associated with human 
bladder carcinoma (24) and p21 kis with 
human colon and lung carcinomas (25). 
Having available the has and kis coding 
sequences will facilitate structure-func- 
tion studies through site-directed muta- 
genesis. 
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Nucleotide Sequence of the Oncogene Ehcoding the p21 
Transforming Protein of Kirsten Murine Sarcoma Virus 

Abstract. The transforming protein of Kirsten murine sarcoma virus (Ki-MuSV) is 
a virally encoded 21-kilodalton protein called p21 kis. The sequences encoding p21 
kis were genetically localized to a I .3-kilobase segment near the 5' end of the viral 
genome by assaying the capacity of a series of defined deletion mutants of 
molecularly cloned Ki-MuSV DNA to induce focal transformation of mouse cells. 
Nucleotide sequencing of a portion of this region has led to the identij7cation of an 
open reading frame of 567 nucleotides coding for p21 kis protein. 

There is accumulating evidence that replication-competent leukemia viruses 
homologs of the viral onc (v-onc) genes (2,3).  This process often involves substi- 
of the transforming sequences of retro- tution of a portion of the leukemia virus 
viruses present in the cellular genome ( I )  genome with the cellular onc (c-onc) 
are incorporated into the viral genome of gene (4). Thus, the mammalian trans- 

Fig. 1. Focus-forming activities of Ki-MuSV 

forming viruses are defective in their 
replication. Kirsten murine sarcoma vi- 
rus (Ki-MuSV) (5) and Harvey murine 
sarcoma virus (Ha-MuSV) (6) are two 
such replication-defective transforming 
viruses. Each of the transforming se- 
quences, derived from rat cellular DNA, 
was incorporated into its respective rep- 
lication-competent murine leukemia vi- 
rus (MuLV) genome while the MuLV's 
had been passaged in rats (2). The trans- 
forming proteins of Ki-MuSV and Ha- 
MuSV are virally encoded 21-kilodalton 
proteins called p21 kis and p21 has, 
respectively. The p21's of both viruses 
share certain antigenic determinants and 
the capacity to bind guanine nucleotides. 
However, molecular hybridization stud- 
ies suggest that the p21 coding sequences 
of Ki-MuSV and Ha-MuSV were derived 
from different c-onc genes. We now re- 
port the genetic mapping of the trans- 
forming region of the Ki-MuSV genome 
and the complete nucleotide sequence of 
the open reading frame that encodes p21 
kis viral protein. 

The viral RNA genomes of the rat- 
derived Ki-MuSV [6.5 kilobases (kb) in 
length] and of Ha-MuSV (5.5 kb) (7, 8) 
are both composed of three distinct 
types of nucleotide sequences: (i) se- 
quences homologous to MuLV, which 
are located in the first 0.2 kb at the 5' end 

DNA clone 4(E) and deletion mutants derlved KI-MUSV 5' 
from it. Recombinant DNA (1.5 pg) was used linear DNA 
to transfect BALBI3T3 cells on dupl~cate Clone 4(E) 
plates, and foci were counted as described (7). K I - ~ u ~ ~  DN 
The restriction enzyme sites on KI-MuSV 
DNA are shown for Eco RI (E), Kpn I (K), 
Sma I (S), Sac I (Sc), Bam HI (B); Hinc I1 
(HC), PVU 11 (P), ha1 I (Bl), Sst I1 (Ss), Xba I pbl ,-dK j-75,102 
(X), and Hind I11 (H). The box represents the 

pHdl 
H H 44, 58 

LTR sequence of KI-MuSV linear DNA. The 
left end and the right end of the Ki-MuSV 

pBI-Pvl 
61 I 7  P 6 0 ,  96 

DNA correspond to 5' and 3' sides of the viral 
RNA, respectively. Preparation of recombi- 

pSd --___I=+ 43, 71 nant DNA. digestion with restriction en- 
zymes, purificaGon of DNA fragments, liga- P5c2 -13 s 31. 80 
tion, transformation, and selection of Esche- 
richia coli carrying a plasmid DNA were as 
described (7). For pKpl ,  clone 4(E) DNA, 
which is a circularly permuted form of the Psm' 

S 

viral DNA genome cloned at the Eco RI site 
3- 0 , o  

in pBR322, was digested with Kpn I, heated at pxbl X- 0 . 0  
70°C for 5 minutes, and recircularized. The 
ligated DNA's were then used to transform E. coli ~ 1 7 7 6 .  For pHdl,  clone 4(E) DNA was digested with Hind 111, and the resulting 5.4-kb 
fragment was ligated to pBR322 DNA, which had been digested with Hind I11 and treated with bacterial alkaline phosphatase (BAP) (16). The 
ligated DNA was used to transform E. coli, and a bacterial clone was selected by colony hybridization (17) with a 32~-labeled Ki-MuSV RNA 
probe, prepared as described (7). For pBI-Pvl, clone 4(E) DNA was digested with Bal I and the 2.25-kb Bal I fragment containing two LTR's was 
purified and ligated to pBR322 DNA, which had been digested with Bal I and BAP. When this step was completed, DNA's were prepared from 
each clone and digested with Pvu 11; A recombinant clone that produced 0.9- and 5.8-kb fragments after digestion was selected. The selected 
clone was digested with Pvu 11, and the large fragment was isolated, treated with BAP, and ligated to the 1.7-kb Pvu I1 fragment that had been di- 
gested from clone 4(E) DNA. After transformation, a recombinant DNA clone was selected which produced 1 .45,  2.25-, and 3.75-kb fragments 
after Bal I restriction. For pScl and pSc2, clone 4(E) DNA was digested with Sac I ,  heated at 60°C for 5 minutes, and treated with 250 units of S1 
nuclease (BRL) at 37°C for 10 minutes in 30 mM sodium acetate buffer (pH 4.6) containing 50 mM NaC1, 1 mM ZnSO, and 5 percent glycerol. 
DNA was extracted with a mixture of phenol, chloroform, and isoamyl alcohol, precipitated with ethanol, self-ligated, and used to transform E. 
coli. Bacterial clones that carried plasmid DNA were selected, and the plasmid DNA's were prepared. The pScl and pSc2 recombinant DNA's 
could not be restricted by Sac I, but produced Ki-MuSV DNA fragments of 7.0 and 6.15 kb, respectively, after the digestion with Eco RI (18). For 
pSml, clone 4(E) DNA was digested with Xma I (which cleaves CCC GGG, as does Sma I) heated at 70°C for 5 minutes, circularized, and used to 
transform E. coli. For pXbl,  clone 4(E) DNA was digested with Xba I ,  heated at 70°C for 5 minutes, recircularized, and used to transform E. coli. 
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