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FIG. 3. [35SJmethionine pulse-labeling. Cultures of E. coli AR58 containing the designated plasmids were assayed at the indicated times
after heat induction for the synthesis of ras proteins by pulse-labeling with [35S]methionine (see the text). The zero-time sample was taken
just before induction. Equivalent amounts of acid-precipitable radioactivity were loaded in each lane. The gel was dried and exposed in direct
contact with Kodak XAR film at -20°C. The arrow marks the unique induced bands at about 22,000 kDa.
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FIG. 4. Identification of ras proteins with anti-vH-ras mono-
clonal antibody. At the indicated times, the optical density at 650 nm
of cultures of N5151 containing the designated plasmids was meas-
ured, and 1-ml samples were removed and centrifuged at 10,000 x g
for 1 min. The cell pellets were solubilized, and an equivalent of
0.006 unit (optical density at 650 nm) of cells was fractionated by
SDS-PAGE and on a 15% gel and assayed for ras protein by an
immunoblot procedure (see the text). The purified T24 protein (40
ng) was included as a reference. The processed blot was exposed to
X-ray film for 8 days at -70°C with an intensifying screen. kd, kDa.

To examine the stability of the various ras gene products
in E. coli, we carried out pulse-chase-labeling experiments.
Induced cultures were pulse-labeled with [35S]methionine
for 1 min and then chased with excess unlabeled methionine
in the presence of chloramphenicol. Samples were examined
at various times after the chase. The results (data not shown)
indicate that the four different ras proteins have similar
stabilities in E. coli with a half-life of approximately 10 to 15
min. We examined several different E. coli K-12 strains for
their ability to synthesize and stabilize the ras proteins, and
all were found to exhibit similar levels of expression.
The efficient expression of all four ras gene constructs

resulted in the accumulation of sufficient protein to enable
the development of a simple and rapid protocol for ras
purification (detailed above). Of note, upon lysis the wild-
type, T24, and T24t2 ras proteins were found exclusively in
the soluble portion of the cell extract. Curiously, the full-
length ras proteins produced in other E. coli expression
systems are insoluble and require the use of strong denatur-
ants to obtain them in soluble form (14). Only our N-terminal
truncated ras derivative, T24tj, was found to be insoluble
upon initial cell lysis and required the use of denaturants for
its solubilization. However, upon removal of the urea by
dialysis, this truncated derivative remains soluble (see
above). A gel profile of the purified normal, T24 and T24tj,
proteins is shown in Fig. 5. The difference in the mobilities
of the purified normal and T24 proteins in SDS-denaturing
gels is consistent with previous comparisons of similar
proteins produced in mammalian cells (11, 20, 30). Thus, this
altered mobility is a consequence of primary sequence rather
than differential modification in mammalian cells. Corre-
sponding results were reported recently by Lacal et al. (14).
We also note that the mobility of T24t, is similar to that of
T24, although the former is presumably deleted of 22 ami-
no-terminal residues (Fig. 3). We have not directly deter-
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HUMAN H-ras PROTEINS EXPRESSED IN E. COLI 1021

mined the amino or carboxy terminus of the T24t1 protein,
but based on our experience with other proteins expressed
from pAS-1 or derivative vectors, we think it unlikely that
the T24t1 differs from its predicted primary sequence. We
thus presume that the aberrant migration of T24t, results
from conformational properties in SDS.
Guanine nucleotide binding of the wild-type and T24 ras

proteins. One well-characterized biochemical property of the
ras proteins is their ability to selectively bind certain guanine
nucleotides (e.g., GTP, GDP, and dGTP). We have utilized
three different procedures to assess the guanine binding
properties of our bacterially produced ras proteins. First, we
developed a simple qualitative ligand binding assay which
can be applied either to complex protein mixtures such as
total E. coli cell lysates or to purified preparations of the ras

proteins. In addition, this assay allows analysis of both
soluble and insoluble protein preparations. The protein(s)
was resolved by SDS-PAGE, transferred to nitrocellulose,
and then incubated with [ox-32P]dGTP and the ras antibody
(see above for details). Both the wild-type and T24 proteins,
in whole cell extracts or as purified proteins, bound dGTP
(Fig. 6A and B).
The second assay uses an immunoprecipitation procedure

(27) to examine ras-related guanine nucleotide binding.
Soluble protein extracts were prepared from induced cul-
tures producing the wild-type and T24 proteins. Portions of
these extracts were incubated with [3H]GDP or [a-32PJdGTP
and subsequently immunoprecipitated with antibody and
protein A-Sepharose (see above). The results (Table 1)
indicate that both the normal and T24 proteins exhibit
GDP-dGTP binding. This binding was competed selectively
by GTP and not by ATP. In this assay only about 10 to 20%
of our ras protein exhibited binding; however, this does not
reflect saturation values and thus is only a minimum estimate
of binding efficiency.
Our ability to purify milligram quantities of both the

wild-type and T24 proteins allowed us to accurately measure

GTP binding by a nitrocellulose-filter retention assay (see
above). We compare the binding kinetics of these two
proteins by this assay (Fig. 7). The results show that the T24
protein exhibits a two- to threefold-slower initial rate of
binding than does the normal p21, although both proteins
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FIG. 5. SDS-PAGE profile of purified normal, T24, and carboxyl-
terminal truncated (T24t.) proteins. Each lane contained about 1.5
,ug of the indicated protein purified through the DEAE-Sephacel
step (see the text). kd. kDa.
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FIG. 6. dGTP binding to the normal and T24 polypeptides on
protein blots. A. Samples of the solubilized cells described in the
legend to Fig. 4 (0.06 unit [optical density at 650 nm] of cell culture)
were electrophoresed on a 15% acrylamide gel, transferred to
nitrocellulose, and assayed for [ct-32P]dGTP binding as detailed in
the text. The film was exposed at -70°C with an intensifying screen
for 7 days. B. About 0.4 ,ug of the purified normal, T24, and T24t,
proteins were processed as described for panel A. The film was
exposed for 3 days. kd, kDa.

attain equivalent equilibrium binding. This difference be-
tween the two proteins indicates that the substitution of
valine at position 12 causes a subtle alteration of the GTP
binding site. The amount of GTP bound was about 0.7
mol/mol of p21 (the protein concentration was determined
by quantitative amino acid analysis). This value represents
saturation binding since comparable results were obtained
even at a 20-fold-lower GTP concentration (not shown). In

TABLE 1. Immunoprecipitable guanine nucleotide binding
activity

pmol of
Sample" nucleotideb

bound

Expt 1
T24
- 259 0.4
+ 259 7.9
+ 18-7 prebleed 0.2
+ 18-7 Ab 8.2

H-ras
- 259 0.1
+ 259 17.8

BSA (20 ,ug) 0.2

Expt 2
T24
- 259 0.5
+ 259 9.6
+ 259, 80 mM rGTP 3.6
+ 259, 100 mM rATP 9.5

BSA (20 jig) 0.2

a Lysates of AR58 cells containing the H-ras or T24 proteins were purified
through the ammonium sulfate step, and then 2-VI samples were assayed for
immunoprecipitable guanine nucleotide binding as described in the text. The
fractionated lysates (10 ml) were prepared from 10 g of the H-rais or from 4 g of
the T24 cell pellets. 259. Monoclonal antibody Y13-259; 18-17 prebleed.
preimmunization rabbit sera; 18-17. Ab, anti-T24t,. rabbit antisera.

b [3HJrGDP in experiment 1; [a-_2PJdGTP in experiment 2.
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FIG. 7. GTP binding kinetics of purified ras proteins. The normal

(100 nm, 0), T24 (120 nM, A), and C-terminal truncated T24 (250
nM, O) proteins were incubated with 10 ,uM [a-32P]GTP (2 Ci/mmol)
in buffer A-0.12 M ammonium sulfate at 250C. Duplicate 20-,ul
portions were removed at the indicated times and assayed for GTP
bound to protein by filtration through nitrocellulose (see the text).
The molar concentration of the ras proteins was estimated as

described in the protein purification section of the text.

other assays we have determined that the efficiency of
retention on nitrocellulose is only 70 to 80% (35). Thus, most
(if not all) of our purified wild-type and T24 mutant ras

proteins are capable of guanine nucleotide binding.
Guanine nucleotide binding of the ras truncates. Since the

N-terminal truncated protein is expressed in an insoluble
form, we assessed its GTP binding activity only by the
protein blot-ligand binding assay. This assay allows us to
compare directly the qualitative GTP binding of this N-ter-
minal truncate with the full-length forms of ras because
whole cell extracts are examined after identical treatment.
The T24t1 protein showed no binding activity under condi-
tions in which both the full-length normal and T24 products
did bind GTP (Fig. 6).

In contrast, the C-terminal truncated ras derivative, T24t2,
does retain its GTP binding activity. As mneasured by the
filter binding assay (Fig. 7), the kinetics of binding are
similar to those of the full-length T24 product; however, the
overall extent of binding is significantly reduced. This non-

stoichiometric binding was not altered by increasing the
GTP concentration fivefold (not shown), suggesting that only
a fraction of our purified protein preparation is active.
Nonetheless, these results suggest that the carboxyl-termi-
nal 23 amino acids of ras are not essential for its GTP binding
ability.

DISCUSSION
We described the construction of E. coli expression vec-

tors which encode the authentic wild-type human H-ras

protein, its T24 variant, and two differeht truncated forms of
the T24 protein. One of the T24 truncated proteins, T24tj,
was deleted between residues 1 and 23 at the amino termi-
nus, whereas the other truncated protein, T,24t2, was deleted
for 23 C-terminal residues. To precisely irltVoduce the wild-
type and T24 cDNA sequences iAto the expression vector,
the 5' end of the ras gene was reconstructed with synthetic
linkers. In doing so, we inserted a unique HindIll restriction
site at codon positions 4 and 5 in the human gene without
altering the amino acid coding sequence. Creation of this
restriction site provides a new entry site into the N-terminal
sequence of the human gene which has been useful for
making additional gene alterations. In addition, we made
several codon changes within this region of the gene to
introduce codons more frequently used in E. coli. The four
different ras gene constructs were shown to express effi-
ciently in E. coli, and the ras products accumulated to levels
ranging from 1% (cH-ras) to 5% (T24t1) of total cellular
protein. Pulse-chase analyses indicated approximately equiv-
alent half-lives for these proteins, although these assays
would not readily detect a 1.5- to 2-fold difference. Thus, the
efficiency of transcription or translation, or both, of these
plasmids probably differs slightly. The induced protein prod-
ucts were shown to be ras related by immunoblot analysis
with a monoclonal antibody raised against the authentic
mammal-derived p21 protein (Fig. 4).
The wild-type, T24, and T24t2 (C-terminal truncated)

proteins were produced in soluble form in E. coli and were
purified to homogeneity without the use of chaotropic agents.
Only the T24t1 (N-terminal truncated) protein was found to
be insoluble in crude cell lysates and required treatment with
urea for its initial solubilization. This report constitutes the
first description of an extensive purification of nonfused ras
proteins from bacteria without denaturation of the protein.
We point this out to emphasize our concern that the bio-
chemical, physical, and biological characteristics of proteins
which are fused to other proteins, denatured during their
isolation, or both may not accurately reflect the properties of
the native protein. As evidenced above, this does not appear
to be the case with the proteins described here.
We used our purified ras protein preparations to charac-

terize certain biochemical parameters, as well as biological
activities, of these E. coli-synthesized molecules. In this
report, we described the guanine nucleotide binding capabil-
ities of these proteins. We demonstrated (by several different
assay systems) that the full-length ras wild-type and T24
variant proteins appropriately bind certain guanine nucleo-
tides and that the stoichiometry of nucleotide binding was
essentially equimolar. This quantitative assessment of nucle-
otide binding was made possible only because of our ability
to obtain these proteins in a sufficient quantity and in pure
enough form to assay by standard nitrocellulose filter bind-
ing techniques. Moreover, we found that the C-terminal
truncated ras protein retained its ability to bind GTP,
although the extent of binding was reduced. Apparently, the
C-terminal 23 anlino acid residues are not a crucial part of
the nucleotide binding site. This C-terminal truncate, how-
ever, has lost its transforming ability (unpublished data).
Willumsen et al. (42) have shown that mutations in the
C-terminal portion of ras dramatically reduce its transform-
ing ability and result in the inability of ras to localize
properly to the inner cell membrane. Our results are consis-
tent with these conclusions and further suggest that C-ter-
minal altered molecules will retain their nucleotide binding
capabilities. Ih contrast to the results obtained with the
C-terminal truncate, we found that the N-terminal truncate
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was completely deficient in nucleotide binding. Since this
protein was insoluble upon initial lysis of the cells, our
conclusion is based only on comparing its guanine binding
ability to that of the other three ras proteins by the qualita-
tive Transblot ligand binding assay (Fig. 6). The inability of
this derivative to bind nucleotide is consistent with protein
modeling studies (22, 40) which implicate the region around
amino acid 12 as part of the nucleotide binding site.

It recently was reported (35) that the normal ras protein,
synthesized and purified as described in this report, has an
intrinsic GTPase activity which yields GDP and Pi. In
contrast, the T24 transforming derivative was markedly
deficient in this activity. Presumably, this defect is respon-
sible for its transforming properties. Preliminary data sug-
gest that the C-terminal truncate, described here, exhibits
GTPase properties similar to those found for the full-length
T24 derivative. This result further suggests that the carboxyl
end of ras does not play a critical role in either GTP binding
or GTP catalysis.

It also has been demonstrated that E. coli-produced and
-purified ras proteins exhibit authentic biological activities
when they are introduced into mammalian cells (8). The T24
oncogenic form of ras caused rapid morphological changes
and induced cell proliferation when microinjected into qui-
escent, confluent NRK, REF52, and NIH 3T3 rodent cells.
In contrast, the wild-type protein exhibited little, if any,
effect on these cells. We conclude that the ras proteins
synthesized in E. coli are appropriate substrates for studying
both the biochemical and biological activities of these mol-
ecules. We have thus undertaken the purification of suffi-
cient pure protein for crystallographic analysis of both the
wild-type and T24 variant proteins.
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