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ABSTRACT The DNA sequence of a gene (era) located
immediately downstream of the gene (rnc) encoding ribonu-
clease III of Escherichia coli was determined and found to
encode a protein of 316 amino acid residues. The amino acid
sequence of this protein, Era, has significant similarity to the
yeast RAS proteins. Overexpression of the Era protein was
achieved and GTP cross-linking experiments demonstrated
that the protein was indeed capable of binding GTF, as are the
yeast and mammalian ras gene products. These data indicate
that ras-related sequences occur not only in eukaryotes but also

in prokaryotes.

The ras family of oncogenes was discovered in Harvey and
Kirsten murine sarcoma viruses and was subsequently shown
to exist in mammalian cells as protooncogenes (for review see
refs. 1 and 2). Further investigations demonstrated that
certain tumor cells contain structurally mutated ras genes
capable of tumorigenic transformation of NIH3T3 cells upon
gene transfer (3-7). These findings have led to extensive
investigations into the structure and function of ras genes. At
least three genes (Ha-, Ki-, and N-ras) have been discovered
in mammals and found to encode highly related proteins
(8-10). In addition, DNA hybridization experiments have
shown that organisms as widely divergent as Drosophila (11,
12), Dictyostelium (13), and Saccharomyces (14, 15) possess
similar sequences. The same methodology was employed to
demonstrate that the fission yeast Schizosaccharomyces
contains DNA at a single locus that is highly related to ras
(16). Interestingly, Saccharomyces has two genes (RAS1 and
RAS?2), which encode proteins that are homologous to mam-
malian ras proteins (14, 15), and also another gene (YP2)
encoding a protein that is less similar (17). Thus far, however,
such observations have not been reported in bacteria.

We report here that Escherichia coli has a gene (era) that
encodes a protein containing significant similarity to the yeast
RAS proteins. Since mammalian and yeast ras gene products
are known to bind GTP (18, 19), GTP cross-linking experi-
ments were performed, and they revealed that the Era protein
is a GTP-binding protein as well.

MATERIALS AND METHODS

Reagents and Materials. [a-32P]JdCTP (3000 Ci/mmol; 1 Ci
= 37 GBq) and [a-*?PIrGTP (420 Ci/mmol) were supplied by
Amersham. Restriction enzymes, T4 DNA ligase, and the
large fragment of DNA polymerase I were supplied by New
England Biolabs. Deoxy- and dideoxynucleotides were ob-
tained from P-L Biochemicals.

DNA Sequencing. The era gene was obtained from the
plasmid pSB, which contains a 4-kilobase (kb) EcoRI frag-
ment obtained from the E. coli chromosome. This plasmid
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has the ability to complement genetic defects in a ribonucle-
ase III-negative background (H.E.T. and D. Court, unpub-
lished data). Fragments for sequencing were obtained by
appropriate restriction enzyme digestion (as indicated in Fig.
1) followed by preparative polyacrylamide gel electrophore-
sis. The DNA fragments were cloned in sequencing vectors
M13mpl8 or M13mpl9 by using the host strain JM103
(available from Bethesda Research Laboratories). DNA
sequencing was performed by using the chain-termination
method (23) except where indicated in Fig. 1, in which case
the method of Maxam and Gilbert (24) was employed to
sequence the cloned fragment.

Expression of the rnc Locus. The rnc locus was cloned in a
high-expression vector under control of a lac inducer as
described in Results. Such a plasmid harboring the rnc and
era genes together (pJR002) was used to transform the E. coli
K-12 strain SB221 (21). These cells were grown in M9-
glucose medium supplemented with 0.2% Casamino acids,
tryptophan at 50 ug/ml, and ampicillin at 50 ug/ml. Growth
was at 37°C to early logarithmic phase (40 Klett units with a
no. 808 filter), at which point the culture was divided.
One-half of the culture received 2 mM isopropyl g-p-thioga-
lactoside (final concentration). After 2 hr of incubation, the
cells were harvested by centrifugation and lysed by boiling in
sample buffer [1% NaDodSO,/10 mM sodium phosphate, pH
7.1/10% (vol/vol) glycerol/1% 2-mercaptoethanol/0.05%
bromphenol blue] for 8 min. The samples were subjected to
NaDodSQ,/polyacrylamide gel electrophoresis in a 17% gel
as described previously (21).

GTP Photoaffinity Cross-Linking. The method employed to
cross-link [a-3*PIrGTP to overexpressed GTP-binding pro-
teins in E. coli crude cell extracts has been described in detail
elsewhere (25, 26). Briefly, lysates were prepared by lyso-
zyme treatment followed by detergent lysis. In these exper-
iments SB221 harboring pJR002 were grown and induced
with isopropyl thiogalactoside exactly as described above,
and lysates were prepared upon harvesting the cells. Lysates
were also prepared from SB221 containing the plasmid
pJR001, which is identical to pJR002 except that excision of
a 1.6-kb BamHI fragment results in a deletion in the era gene.
Thus pJR0O01 overexpresses ribonuclease III and not Era in
the presence of isopropyl thiogalactoside.

The lysates were incubated in the dark for 1 hr at 0°C in the
presence of 25 uCi of [a->?P]IrGTP and then exposed to
ultraviolet irradiation at 254 nm for 30 min as described
previously (25, 26). The lysates were subjected to NaDod-
SO,/polyacrylamide gel electrophoresis (as above) followed
by autoradiography, and the autoradiogram is presented in
Fig. 5. Since label was not incorporated into the overex-
pressed ribonuclease III band it may be concluded that
labeling is not an artifact of overexpression of protein that

Abbreviations: kb, kilobase(s); bp, base pair(s); EF, elongation
factor.

*Laboratory of Molecular Oncology, National Cancer Institute,
Frederick, MD 21701-1013.
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F1G. 1. Restriction map and sequencing strategy. The restriction
map of the era gene and flanking regions is shown at the top. The
thick black arrows indicate the position and orientation of the other
known genes in this region (see refs. 20-22). The sequencing strategy
employed is shown below the restriction map. Thin arrows with open
circles indicate the restriction fragments that were employed to
obtain sequence data by the chain-termination method (23). Thin
arrows with the filled circles indicate restriction fragments that were
sequenced by the method of Maxam and Gilbert (24). The broken
lines represent regions of the cloned restriction fragments from which
sequence data were not derived. bp, Base pairs.

otherwise would not bind GTP. Furthermore, under the
conditions employed in this experiment we, and others, have
not observed nonspecific labeling of proteins (25, 26).

RESULTS AND DISCUSSION

Identification of a Gene Downstream of the rnc Gene.
Previously we have determined the DNA sequence of the
gene (rnc) encoding ribonuclease III (20), which maps at 55.5
min on the E. coli chromosome (27). The DNA sequence
demonstrated that there may be another cistron initiating at
an ATG codon that overlaps with the termination codon
(TGA) of the rnc gene (see Fig. 2 and ref. 20). To confirm this
observation the restriction map of the downstream region
was established (Fig. 1), and the DNA sequence of a 1-kb
fragment adjacent to the rnc gene has been determined
according to the strategy shown in Fig. 1.

Asrevealed in Fig. 2, the DNA sequence demonstrates that
there is an open reading frame of 948 bp which initiates at the
overlapping codons as previously predicted (20). The initia-
tion codon is preceded by a Shine-Dalgarno consensus
sequence (GGAG, see Fig. 2) for ribosome binding (28),
indicating that the open reading frame would be translated
not only by ribosomes reinitiating at the TGA-ATG overlap,
but also by ribosomes initiating de novo upon recognition of
the Shine-Dalgarno sequence. The open reading frame is
terminated at a TAG codon at position 982 (Fig. 2) and
therefore encodes a polypeptide of 316 amino acid residues
(calculated molecular weight = 35,232).

Amino Acid Sequence Homology. The amino acid sequence
deduced from the DNA sequence was compared to the
sequences in the data base (3477 polypeptide files) main-
tained by the National Biomedical Research Foundation,
using software available at the Molecular Blology Computer
Research Resource. T Interestingly, this comparison revealed
highly significant similarity between the predicted amino acid
sequence shown in Fig. 2 and the yeast RAS proteins, which
are apparent homologues of the mammalian ras oncogene
family (15).

As shown in Fig. 3, the similarity between the predicted
amino acid sequence and the yeast RASI protein is found in

tFor information contact Dr. Temple Smith, Molecular Biology
Computer Research Resource, Dana-Farber Cancer Institute, 44
Binney Street, Boston, MA 02115.
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Bgll
. . . . . .
1 OGCCGAAJAGGOGTTGAAMMCTMCTGGAATGAGCATCGATAAAAGTTACTGOGGA 60
MetSerIleAspLysSerTyrCysGly 9
AlaGluGlnAlaLeuLysLysLeuGluLeuGlu---

. . . . . .

61 TTTATTGCCATCGTCGGACGTCCGAACGTTGGCAAATCCACATTGTTGAACAAACTGCTG 120
10 PhelleAlalleValGlyArgProAsnValGlyLysSerThrLeuLeuAsnLysLeuLleu 29

BamHI

. . . . .

121 GGGCAGAAAATCTCCATCACTTCCCGCAAGGCGCAGACAACTCGTCACOGCATTGTGG& 180
30 GlyGlnLysIleSerIleThrSerArgLysAlaGlnThrThrArgHisArgIleValGly 49

. . .
181 ATCCATACTGAAGGCGCGTATCAGGCGATCTACGTCGATACACCGGGCCTGCATATGGAA 240
50 IleHisThrGluGlyAlaTyrGlnAlalleTyrValAspThrProGlyLeuHisMetGlu 69

. . . . . .

241 GAAAAACGCGCCATTAACCGCCTGATGAACAAAGCGGCGAGCAGCTCTATTGGCGATGTT 300

70 GluLysArgAlalleAsnArgLeuMetAsnLysAlaAlaSerSerSerIleGlyAspval 89
. . . . . .

301 GAGCTGGTGATTTTTGTCGTTGAAGGCACCCGCTGGACGCCGGACGACGAAATGGTGCTC 360

90 GluLeuValIlePheValValGluGlyThrArgTrpThrProAspAspGluMetValLeu 109

. . . . .

361 AACAAACTGCGCGAAGGCAAAGCGCCGGTAATCCTCGCGGTGAACAAAGTGGACAACGTG 420
110 AsnLysLeuArgGluGlyLysAlaProvVallleLeuAlavValAsnLysValAspAsnVal 129

. . . . . .
421 CAGGAGAAAGCCGATCTGCTGCCGCACCTGCAGTTCCTGGCAAGCCAGATGAACTTCCTC 480
130 GlnGluLysAlaAspleuLeuProHisLeuGlnPheLeuAlaSerGlnMetAsnPheLeu 149

s s . . . .

481 GATATCGTGCCAATCTCTGCCGAAACCGGGCTGAATGTTGACACTATTGCGGCAATCGTG 540
180 AsplleValProIleSerAlaGluThrGlyLeuAsnValAspThrIleAlaAlallevVal 169

. . . . . .

541 CGTAAGCATCTACCTGAAGCGACTCATCACTTCCCGGAAGATTACATCACCGATCGCTCA 600
170 ArgLysHisLeuProGluAlaThrHisHisPheProGluAspTyrIleThrAspArgSer 189

. . .

601 CAGOGTTTTATGGOGTC‘I‘GAAATCATCOGOGAAAAACTGATGOGTTTCCTCGGCGCTG 660
190 GlnArgPheMetAlaSerGluIleIleArgGluLysLeuMetArgPheLeuGlyAlaGlu 209

. . . . . .

661 CTGCCGTACTCCGTGACCGTGGAGATCGAACGTTTCGTCTCTAACGAACGCGGTGGTTAT 720
210 LeuProTyrSerValThrValGluIleGluArgPheValSerAsnGluArgGlyGlyTyr 229

. . . . . .

721 GACATCAACGGTTTGATTCTCGTTGAGCGTGAAGGGCAGAAGAAGATGGTCATTGGCAAC 780
230 AspIleAsnGlyLeulleLeuValGluArgGluGlyGlnLysLysMetValIleGlyAsn 249

. . . . .

.
781 AAAGGGGCCAAGATCAAAACCATCGGGATTGAAGCGCGTAAAGACATGCAGGAAATGTTC 840
250 LysGlyAlaLysIleLysThrIleGlyIleGluAlaArgLysAspMetGlnGluMetPhe 269

. . . . . .

841 GAAGCGCCTGTTCACCTTGAACTGTGGGTAAAAGTGAAATCCGGTTGGGCCGACGACGAA 900
270 GluAlaProValHisLeuGluLeuTrpValLysValLysSerGlyTrpAlaAspAspGlu 289

. . . . . .

901 GCGCACTGCGCAGTCTCGGTTACGTTGACGATCTTTAAGAGTAACTCCGATGGAAGGCTG 960
290 AlaHisCysAlaValSerValThrLeuThrIlePhelLysSerAsnSerAspGlyArgleu 309

AatIl
.

. . . .
961 GCAGCGCGCATTTGTCCTGCATAGTOGCCOGTGGAGOGAAACCAGCCNATGCNACG‘I% 1020
310 AlaAlaArgIleCysProAla--- 316

Fi1G.2. DNA sequence of the era gene. The DNA sequence from
the Bgl I site to the BamHI site has been reported previously (20).
The DNA sequence from the BamHI site to the Aat II site was
determined from both strands as shown in Fig. 1. The underline
indicates the position of a probable ribosome binding site. The last
11 amino acid residues of ribonuclease III are shown (bp 1-34),
followed by 316 amino acid residues resulting from the translation of
the 948-bp open reading frame. It can be seen that the initiation codon
of the era gene overlaps the termination codon of the rnc gene at bp
34-37.

an amino-terminal domain of 197 amino acid residues (196
amino acid residues for RASI). Including conservative re-
placements, 91 positions can be aligned in this region for a
similarity of 46% between these two proteins. The signifi-
cance of the alignment presented in Fig. 3 is underscored by
the observation that it was achieved with a minimum amount
of insertion or gapping. Thus, the protein predicted from Fig.
2is designated Era, for E. coli RAS-like protein, and the gene
is designated era. Though only RAS1 is compared to Era in
Fig. 3, an analogous alignment is obtained with RAS2, with
which 42% of the residues match. The remaining carboxyl-
terminal domain of 119 amino acid residues (113 in RAS1)
exhibits only a very weak likeness, in which 19 positions can
be aligned, resulting in a similarity of 16%, including con-
servative replacements. It is striking that the same two-
domain structure has been observed in the yeast RAS1 and
RAS?2 proteins (15). There is extremely high similarity within
the first 179 amino acid residues between RAS1 and RAS2,
and almost no matching residues in the remaining carboxyl-
terminal domain (consisting of 130 amino acid residues in
RASI1 and 143 in RAS2), except for a short segment contain-
ing the last 8 amino acid residues. Alignment of the polypep-
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Fi1G6. 3. Comparison of the amino acid sequences of the Era
protein (upper sequence) and the yeast RAS1 protein (lower se-
quence). The filled circles denote identity between the amino acid
sequences, and open circles indicate replacements by functionally
related amino acids. The boxed residues indicate regions 1, 2, and 3
as shown in Table 1. These regions are common to all GTP-binding
proteins. Region 1is closest to the amino terminus, followed by 2 and
3, respectively. The yeast RAS! sequence data are from Powers et

al. (15).

tides encoded by the yeast and mammalian ras genes dem-
onstrates that this structural motif is a common feature of ras
gene products (15). Thus they all possess a highly conserved
domain of approximately 170-180 amino acids at their amino
termini, followed by a sequence in which practically no
similarity can be found. It should be noted, however, that
mammalian ras genes encode only 188 or 189 amino acid
residues, so their variable domain is much shorter than that
encoded by the yeast RAS genes. In this sense Era (contain-
ing a total of 316 amino acid residues) is more like RAS1 (309
residues) and RAS2 (322 residues) than mammalian ras gene
products.

The mammalian ras genes possess a cysteine residue at the
fourth position from the carboxyl terminus through which the
protein is bound to the cellular membrane by a lipid moiety
(29). The importance of this cysteine residue was demon-
strated by the observation that the ability to transform
NIH3T3 cells was lost upon mutation of the cysteine codon
in the Harvey murine sarcoma virus (29). Similarly, a
cysteine residue was found in the equivalent position in the
yeast RAS1 and RAS? proteins (15). It is interesting that Era
has a cysteine residue at the third position from the carboxyl
terminus (Fig. 3). Chou-Fasman analysis (30) of potential
secondary structure shows a very high probability for a
B-turn structure at the amino-terminal side of the cysteine
residue in RAS1, RAS2, and Era.

Overexpression and GTP-Binding of Era. GTP-binding
proteins of E. coli share certain sequence determinants that
were proposed to be important in binding guanine nucleotides
(25, 31). Their importance has been confirmed in the case of
elongation factor (EF)-Tu, for which x-ray crystallography

Proc. Natl. Acad. Sci. USA 83 (1986) 8851

has shown directly that these residues are intimately asso-
ciated with the Mg-GDP binding pocket (32, 33). Similar
sequences have been found in Era (boxed residues in Fig. 3),
and both yeast and mammalian ras genes (see Table 1). These
observations lead to the prediction that Era is a GTP-binding
protein.

To examine the ability of Era to bind GTP we first
attempted to identify the Era protein by using a high-
expression vector containing the era gene. The two genes of
the rnc operon were cloned together in a pIN-III(ljpp™5)
vector [a high-expression vector developed in our laboratory
(36)] by employing a HincllI site located 24 bp upstream from
the initiation codon of the rnc gene and the distal BamHI site
shown in Fig. 1. Thus expression of the rnc locus would be
under the control of the strong I[pp™-* promoter (36) as well as
the lac promoter-operator instead of its own promoter.
Furthermore, the productjon of the cloned gene products can
be regulated by a lac inducer such as isopropyl B-D-thioga-
lactoside.

The proteins expressed from cells harboring this construc-
tion (pJR002) are shown in Fig. 4. After induction with
isopropyl B-p-thiogalactoside for 2 hr the total cellular
protein was separated by NaDodSO,/polyacrylamide gel
electrophoresis. Comparison to noninduced cells (Fig. 4, lane
A) reveals that two bands are clearly produced specifically in
the presence of isopropyl B-D-thiogalactoside (Fig. 4, lane B).
Band R has a molecular weight of 26,000 and has been shown
to be ribonuclease III, the rnc gene product (20). Band E has
a molecular weight of 36,000, which is excellent agreement
with predicted molecular weight for the Era protein (35,232).
In pJRO02 all of the Era protein is encoded on a 1.6-kb BamHI
fragment (see Fig. 1) except for the first 49 amino acid
residues. When this fragment is excised from pJR002 the
resultant construction (pJR001) expresses only band R (ri-
bonuclease III) as predicted, demonstating that band E
originates from the downstream sequence and confirming its
identification as Era (data not shown). Fig. 4 indicates that
Era and ribonuclease III are overproduced in an approxi-
mately 1:1 molar ratio, providing further evidence that they
are cotranscribed, in support of the DNA sequence data.

The plasmids pJR001 and pJR002 were employed to inves-
tigate the ability of Era to bind GTP. We and others have
utilized a photoaffinity labeling technique to demonstrate
specific binding of [a-*?P]GTP to proteins in a crude cell
lysate (25, 26). This method was employed to show that cells
harboring pJR002 (Fig. 5, lane A), but not cells harboring
pJRO01 (lane B), produced a protein in the presence of
isopropyl B-D-thiogalactoside that was very efficiently cross-
linked by [a-3?P]GTP. As indicated in Fig. 5, this labeled
species exactly comigrated with band E shown in Fig. 4,
These data provide clear evidence that Era is a GTP-binding
protein, since the only difference between pJR001 and
pJRO002 is the 1.6-kb BamHI fragment, which is required for
expression of Era as described above. In the absence of this
fragment (pJR001) Era is not expressed and the 32P-labeled
species indicated in Fig. 5 is absent (compare lanes A and B).

Subcellular fractionation experiments revealed that most
of the overproduced Era exists in the soluble fraction, while
approximately 20-30% is associated with the membrane
fraction (data not shown).

Possible Functions of Era. At present the function of Era is
unknown. However, the Era protein is distinctly different
from other E. coli GTP-binding proteins identified to date,
including the LepA protein, which is a membrane-bound
GTP-binding protein (25). These GTP-binding proteins all
possess three well-defined regions (Table 1), which were
shown by x-ray crystallographic analysis of EF-Tu to be
closely associated with the bound guanine nucleotide (33).
Region 1 is in close association with the phosphate groups,
and in particular the well-conserved lysine residue may be
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. cerevisiae RAS1

S. cerevisiae RAS2
Human Ha-ras, N-ras, Ki-ras
E. coli Era

Table 1. Comparison of amino acid sequence in GTP-binding proteins
Protein Sequence
Region 1
E. coli EF-Tu -Gly-His-Val-Asp-His-Gly-Lys-Thr- (18-25)
E. coli EF-G —-Ala-His-Ile-Asp—-Ala—-Gly-Lys—-Thr- (17-24)
E. coli LepA —Ala-His-Ile-Asp-His~-Gly-Lys-Ser- (11-18) .
E. coli IF2 ~Gly-His-Val-Asp-His-Gly-Lys—-Thr- (398—405)
S. cerevisiae RAS1 -Gly-Gly-Gly-Gly-Val-Gly-Lys—Ser- (17-24)
S. cerevisiae RAS2 -Gly-Gly-Gly-Gly-Val-Gly-Lys-Ser— (17-24)
Human Ha-ras, N-ras, Ki-ras -Gly-Ala-Gly-Gly-Val-Gly-Lys—Ser— (10-17)
E. coli Era ~Gly—-Arg-Pro-Asn-Val-Gly-Lys—Ser- (15-22)
Region 2
E. coli EF-Tu —Asp—Cys—Pro-Gly-His— (80-84)
E. coli EF-G —Asp-Thr-Pro-Gly-His- (88-92)
E. coli LepA ~Asp-Thr-Pro-Gly-His- (77-81)
E. coli IF2 ~Asp-Thr-Pro-Gly-His- (444—448)
S. cerevisiae RAS1 —Asp-Thr-Ala-Gly-Gln- (64—68)
S. cerevisiae RAS2 —Asp-Thr-Ala-Gly-Gln- (64-68)
Human Ha-ras, N-ras, Ki-ras —Asp-Thr-Ala-Gly-Gln- (57-61)
E. coli Era —Asp—-Thr-Pro-Gly-Leu- (62—66)
Region 3
E. coli EF-Tu ~Asn—-Lys—Cys—Asp- (135-138)
E. coli EF-G —Asn-Lys—Met—Asp— (142-145)
E. coli LepA —Asn-Lys—Ile—Asp- (131-134)
E. coli IF2 —Asn-Lys—Ile—-Asp- (498-501)
S

—Asn-Lys—Leu-Asp— (123-126)
—Asn-Lys—Ser—Asp- (123-126)
—Asn-Lys—Cys—Asp- (116-119)
—Asn-Lys—Val-Asp- (124-127)

The numbers in parentheses following the amino acid sequences represent the amino acid residue

numbers. The references for the sequence data are EF-Tu (34), EF-G (35), lepA product (LepA) (21),
initiation factor 2 (IF2) (31), RAS1 and RAS2 (15), Ha-ras (9), N-ras (8), and Ki-ras (10).

interacting with the electron-rich oxygen atoms. Region 2 is
close to region 1, and apparently the conserved aspartic acid
residue forms a salt linkage to the Mg?* that is required for
the GTPase activity of EF-Tu. Region 3 was shown to be
intimately involved with the guanine moiety itself, again
involving well-conserved residues; in this case the asparagine
and aspartic acid residues (see Table 1) were important in
direct interactions with the guanine group.

Itis clear from Table 1 that not only the E. coli GTP-binding
proteins but all of the ras gene products share these proper-

A B

Fi1G.4. Expression of the proteins
of the rnc locus. E. coli cells harbor-
ing the plasmid pJR002 were grown as
described in the text. The sample in
lane A was prepared from cells that
were incubated in the absence of iso-
propyl thiogalactoside, and the sam-
ple in lane B was prepared from cells
that were incubated in the presence of
this inducer. Equal culture equiva-
“wss —x R lents were loaded in each lane and

after electrophoresis the gel was
stained with Coomassie blue. The
production of bands E (molecular
weight = 36,000) and R (molecular
weight = 26,000) is clearly induced by
isopropy! thiogalactoside. The posi-
- tions of molecular weight markers are
indicated by the dashes and represent
molecular weights of 92,000, 66,000,
45,000, 31,000, 21,000, and 14,000.

ties (37). There are, however, important differences that
distinguish ras-like gene products from other GTP-binding
proteins. Region 1, for instance, contains the highly con-
served sequence -Gly(or Ala)-Xaa-Zaa-Xaa-Xaa-Gly-Lys-
Ser(or Thr)-. The Xaa residues are variable, and it has been
well established that Zaa is a glycine residue in all human ras
protooncogene products as well as yeast RASI and RAS2
products (see Table 1 and refs. 8-10, 15, 38-43). It is
important to note that the only amino acid which can replace

A B

F1G. 5. GTP cross-linking experi-
ments. Cells harboring either pJR001
or pJR002 were induced with isopro-
pyl thiogalactoside as in Fig. 4. Whole
cell lysates were prepared, mixed
with [a-*2P]rGTP, and photolyzed as
described in Materials and Methods.
After NaDodSO,/polyacrylamide gel
electrophoresis of the cell lysates, the
gel was dried and subjected to
autoradiography for 6 hr. Lane A,
lysate from cells harboring pJR002;
lane B, lysate from cells harboring
pJRO01. The arrow marks the position
of migration of the band marked E in
Fig. 4.
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this glycine residue and not lead to oncogenic activity is
proline (44), which is the residue at position Zaa in Era. The
other E. coli GTP-binding proteins possess either valine or
isoleucine at position Zaa (Table 1).

A major difference that separates Era from all the other E.
coli GTP-binding proteins can be found in the sequence
surrounding region 3. It has been pointed out previously that
E. coli GTP-binding proteins possess similar sequences in the
positions about 4 to 8 amino acid residues immediately before
region 3, and no similarity after region 3 (25, 31). This is true
when Era is compared with the other E. coli GTP-binding
proteins as well. However, when Era is compared with the
ras-related proteins, or ras-related proteins are compared
among themselves, the similarity around region 3 is found to
be much more extensive. It can be seen upon comparison of
Era to the yeast RAS1 protein (Fig. 3) that region 3 is
embedded in a very extensive region of similarity, which
includes residues 109-197 of Era and 107-196 of yeast RAS1.
Within this domain of 88 residues there are a total of 52
residues, including conservative replacements, which can be
aligned (overall similarity equals 59%). The spacing of this
alignment is nearly perfect in the sense that only one deletion
and two insertions are required to achieve the best fit. These
observations, coupled with those described above—namely,
the similar overall size, the domain structure, and position of
the cysteine near the carboxyl terminus—make it most likely
that Era is a member of the family of ras-related proteins with
significant similarity to the yeast RAS! protein.

In yeast the function of the RAS gene products is not
completely understood. However, they have been implicated
in the regulation of adenylate cyclase (45, 46) and been shown
to be required for gluconeogenic growth (47). Experiments
designed to investigate whether or not Era has similar
functions will definitively establish the relatedness of these
proteins, and the importance of such proteins in the growth
of cells. In this regard it will be particularly interesting to
examine the effects on cell physiology of substitution of
proline at position 17 (corresponding to glycine 12 encoded
by mammalian ras genes and glycine 19 encoded by yeast
RAS genes) with other amino acids, and to investigate
whether Era is able to complement yeast RAS gene muta-
tions.
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