
Table 2. Comparison of the production of differ- 
ent methyl halides by methyl chloride transferase 
from E. muricata. Crude extract, prepared as in 
Fig. 2, was incubated in 4-ml reaction volumes 
containing 250 mM of the appropriate potassium 
hahde, 10 mM phosphate, pH 7.58, and 500 )*M 
SAM ~eacuons \\ere mchated at 25°C for 6 
hours Gas samples were remol ed and anal\ zed as 
m Flg 1 except the appropriate methvl hal~de was 
used as a standard The s~nthesls of all methyl 
hahdes mas confirmed bv gas chromatography- 
mass spectroscopv 

Methyl Rate of methyl hahde production 
halide (pmol liter-' min-') 

\\.ere identified as methyl chloride produc- 
ers. Thus it is likely that the methyl transfer- 
ase enzyme is a constitutive activity in a 
variety of microorganisms and marine algae. 
The presence of the enzyme in ice plant, a 
terrestrial plant which grows in great abun- 
dance in the California coastal soils, is an 
interesting observation that perhaps signals 
a need for a sunrey of methyl chloride 
transferase activity in other succulents that 
gronr in saline-rich environments. Also note- 
worthy is the fact that ice plant has a wide 
global distribution. Although the produc- 
tion of 5 x lo6 tons per year represents a 
prodigious rate of methyl chloride synthesis, 
this number may be quite understandable in 
terms of the large terrestrial and marine 
biomass that can contribute to its formation. 
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Identification of Small Clusters of Divergent Amino Acids 
That Mediate the Opposing Effects of ras and K r e v - 1  

Krev-1 is an anti-oncogene that was originally identified by its ability to induce 
morphologic reversion of ras-transformed cells that continue to express the ras gene. 
The Krev-l-encoded protein is structurally related to Ras proteins. The biological 
activities of a series of ras-Krev-1 chimeras were studied to test the hypothesis that 
Krev-1 may directly interfere with a ras function. The ras-specific and Krev-1-specific 
amino acids immediately surrounding residues 32 to 44, which are identical between 
the two proteins, determined whether the protein induced cellular transformation or 
suppressed ras transformation. Because this region in Ras proteins has been implicated 
in effector function, the results suggest that Krev-1 suppresses ras-induced transforma- 
tion by interfering with interaction of Ras with its effector. 

I NTERPWY BETWEEN POSITNE AND 

negative regulators determines whether 
a cell will grow and divide, with onco- 

genes stimulating and anti-oncogenes (tu- 
mor suppressor genes) inhibiting these pro- 
cesses. Considerable insight has been gained 
into the mechanism by which oncogenes 
stimulate cell proliferation; however, much 
less is kno\vn about mechanisms of anti- 
oncogene function ( 1 ) .  Although the pro- 
teins of some anti-oncogenes are structurally 
unrelated to those of oncogenes, the Krev-1 
anti-oncogene ( 2 )  encodes a protein that is 
structurally related to the ras oncogene- 
encoded proteins (3 ) ,  with which it shares 
about 50% sequence similarity (4, 5 ) .  As is 
true of ras-encoded proteins, the Krev-l- 
encoded protein binds guanine nucleotides 
and possesses a guanosine triphosphatase 
(GTPase) acti\ity (4). 

Krev- 1 induces morphological rei~ersion 
of a cell line transformed by a rns oncogene. 
Because the reverted line still expresses the 
transforming ras gene, Krev- 1 may inhibit ras 
function by interfering with some aspect of 
the ras pathway (2). To test this hypothesis, 
we identified the sequences in ras and Krev- 1 
that account for their opposing biological 
activities. If the critical differences benveen 
the two proteins were limited to a few 
amino acids, it \vould focus attention on the 

function senled by thls reglon. Therefore we 
have made a series of ras-Krev-1 chimeric 
genes and studied their ability to induce - 
cellular transformation and to suppress rns- 
induced transformation. 

The proteins encoded bv Krev-1 and ras 
are 184 and 189 amino acids, respectively 
(Flg. 1). Sequence alignment indicates that 
the two proteins are colinear, with Krev-1 
encoding two additional amino acids be- 
nveen ras residues 120 to 136, and seven 
fewer amino acids benveen ras residues 161 
to 186. Compared with Krev-1, 70% of the 
NHz-terminal 60 amino acids encoded by 
rasH are identical, 60% of the next 60 resi- 
dues are identical, and 33% of the COOH- 
terminal residues are identical. 

The highly transforming 1,-ras-AT gene 
that we used for our chimeric constructions 
was derived from the Hanley murine sarco- 
ma virus oncogene (6, 7) (Fig. 1) .  The 
protein product of v-rns-AT differed from c- 
rns by only nvo amino acids, a highly activat- 
ing ~ r g "  in place of Gly, and Thr6' in place 
of Gln (Fig. 1). To facilitate construction of 
ras-Krev- 1 chimeric genes, we engineered 
restrlcuon endonucleise clea~age -sites at 
comparable regions of each gene. This 
change resulted in restriction endonuclease 
sites at nucleotides encolng amino acids 5 
(Hind III),60 (Pst I), 109 (Aat II), and 146 
(Hae 11). In ras, the Hind I11 site is present 
in the wild-type gene, and the mutations 

K. Zhang. FV. C. Vass. A. G. Papageorge. D.  R .  Lou?, 
Labratol? of CeUular Oncolog\. National cancer ~ ~ ~ ~ i .  that created the Aat I1 and Hae 11 sites nrere 
Nte, Bethesda, IMD 20892. silent. The mutations reauired to make the 
M. N d a ,  Laboraton of Molecular Oncology, Tsukuba 
Life Science Center. Instinlte of phvslcal and Chemical Pst I site changed Thr", which is specific 
Research, Koyadu, ~sukuba ,  Ibarak; 305, ~ a ~ k .  ~~- v-ras, to Ala, the amino acid encoded by c- 
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ras. ~ l n ~ '  was changed from Gln to Thr, meric genes would be expressed at similar 
which is partially activating in c-ras (8). concentrations, we synthesized a synthetic 
Krw-1 was unchanged, as it normally en- Krw-1 gene that encoded the authentic pro- 
codes Thr6'. tein, with codon usage similar to that of 

To maximize the likelihood that the chi- v-r&; the synthetic Krw-1 gene contained 

189 

c-ras Ill I 10 

V-ras III I d 

Fig. 1. Srmcture and origin of v-rac-AT and Krev- 1-T genes used to generate the chimeric genes shown 
in Figs. 2 and 3. For amino acid sequence comparison in this and subsequent figures, Krev-l is used as 
the standard. The three rac genes shown diifer only at codons 12,59, and 61. The first five amino acids 
of Krev-1-T are derived from ras. They are divergent only at codon 2, as shown. The vertical mws 
indicate that v-rac-AT was derived from v-rac and Krev-1-T fiwn Krev-1. Standard methods of molecular 
cloning were used throughout (17). Mutations were i n d u c e d  into v-racH by oligonudeotide site- 
directed mutagenesis (18). Oligonucleotide sequences are available on request. A synthetic Krev-l gene 
was consuucted to have codon usage similar to v - r p .  To  construct Krev-1, we synthesized a series of 
nine pairs of complementary, single-stranded oligonucleotides, each 60 to 70 bases in length, so that 
when each pair was annealed to its complementary strand there would be a unique 7-bp single-stranded 
overhang complementary to the overhang of the adjacent pair of olignudeotides (sequences available on 
request). To facilitate construction of the chimeras shown in Fig. 2, we included an Xho I site (not 
shown) 114 nudeotides downsucam from the Krev-1 stop codon. The synthetic gene was cloned in 
pUC18. After transfer to M13, the sequence was verified by dideoxy sequencing (19). Hd, Hind 111; Pt, 
Pst I; At, Aat II, He, Hae 11. Identical regions are shown in black, divergent regions are white, and 
conservative changes are mottled. 

the same resmction endonudease sites as v- 
ras-AT (Fig. 1). For the biological studies, 
the lirst five amino acids of the Krev-1 
protein, as well as of all chimeric genes, were 
provided by v-ras. The protein encoded by 
this gene, Krev-1-T, differs from authentic 
Krev-1 by substituting 'IhZ for Arg. The 
Krw-1-T gene induced morphological re- 
version of ras-transformed cells, as does the 
authentic gene (Fig. 2). Using the common 
restriction-endonudease sit& we construct- 
ed chimeric v-ras-AT-Krw-1-T genes (Fig. 
2) by dividing each gene into four compara- 
ble restriction endonuclease fragments (en- 
coding amino acids 5-60, 61-108, 109- 
146, and 147-4 designated fragments A, 
B, C, and D, for v-ras-AT and a, b, c, and d 
for Krev-1-T) and ligating one member of 
each fragment in various combinations. 

We identitied d m  different classes of 
chimeric genes: (i) those that were trans- 
forming, (ii) those that suppressed, and (iii) 
those that were null for both biological 
activities. Each chimera encoded a sLble 
protein. 

Plasmid pK39, whose Ras-specific amino 
acids were limited to fragment A, was Illy 
transfbnning. These r d t s  indicate (i) the 
divergent v-ras-encoded amino acids re- 
quired for transformation are located NH2- 
terminal to residue 55 (residues 55-60 are 
identical between the tko genes), and (ii) 
the divergent Krw-1 amino acids located 
OH-terminal  to amino acid 54 can sub- 
stitute functionally for those encoded by v- 
rac. pK50 contained Krw-l-specific amino 
acids located NH2-terminal to amino acid 

Fig. 2. Biological activities of V-rac-AT-Krev-1 Translormation Suppression 
chimeric genes. Chimeric genes were placed in a 

(M lomulbn) (7. ,."M.,l m.bnY1 

A 
retroviral vector, pBW1423 (7), which contains 1 B 1 9  = 1 D 

authentic v-N* and a dominant selectable marker wUL1 'I9 1 - (<o .5 )  
(MO"), and has a unique Xho I site located down- a b c d 
stream from the v-rasH stop codon. The 3' end of K-1-T o + (4.7) 
fhgment D of v-rac-AT and Krev-1-T each termi- 

1 

A b c d 
nate in an Xho I site downstmm from the stop pK39 I I 1 - (q0.4) 

d o n .  The v-rac-AT, Krev-1-T, and the chimeric A b c D 
genes were each inserted in the vector as a Hind pKS6 1 1111 m 0.8 - (<0.7) 

111-Xho I fragment (containing all c o d q  se- 
quences downstream from codon 5). T h d r e  pK40 0 0 .8  - (<O.s) 
the first five codons of each gene are derived from 
v-rac. Krrv-1 encoded amino acids arc in bladr; pK54 0 . 3  - (<O 5) 

residues that are identical in v-rac are shown in 
black, divetgent midues are white, and those pK55 1 - (e0.4) 

with conservative changes are mottled. Ability to pK50 o 
induce cellular transformation of mow NIH 3T3 

+ (3.2) 
cells, as determined by focus formation, was pKn o + (6.1) 
assayed as previously dcsaibed (4), by the calcium 
phosphate precipitation technique. The trans- pK49 a b C D o + (4.1) 
forming activity of v-rac-AT (- 10' bcm-f6rming 
units per milligram of DNA) was similar to that pK5r o f (1.7) 
of wild-type v - r p .  Suppression of transbrma- 
tion was tested, as previously dcsaibed (Z), with ~ ~ 5 2  o + (3.4) 

the highly transformed DT cell line, which is NIH 
3T3 cells that have been nonproductively trans- pK53 

a b c D 
0 f (0.8) 

formed by two copies of the v-racK gene of 
Kirsten murine sarcoma virus. Briefiy, the DT 
cells were aansfbcrrd with calcium phosphat+precipitated plasmid DNA, resistant colonies was dexcrmined without knowing which chimeric DNA 
treated with geneticin (1 mglml), and the proportion of flat, geneticin- had been placed on the cells. 
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55 and suoorcssed transformation bv ras. C - r m  M ~ E Y K L W V G ~ G G V G K S A L T ~ Q ~ ~ Q ~ ~ F V ~ ~ Y D P  TIEDSY- 
paradoxiA;, the regions of Krev-1 A d  ras 
rtquired fbr suppression and transfbrma- . . 

m*v&,Asbued the pn WEYKLW-G-GG,KSAW-Q--Qi-FV--YOPTIEDSYRKQV--D---C-L-ILDTAG 
larity between the two genes. The v-ras 
sequences at the 3' end of the gene can I 

10 
I 

20 
I 

30 
I 

4 0 
I 

5 0 
I 

6 0 
substitute functionally fbr Krev-1, although 
they shared only 46% identity. Fig. 4. Similarity between thc NH2-terminal 60 amino acid residues of c-rat and Krw-1. IGw-1- 

enauted amino acids arc the staodard; residues that arc identical in ras arc shown in black, divergent 
three C O O H - t e ~  residues arc white, and those with consctvative changes arc mottled. 

restriction endonudease fkments (B, C, D 
or b, c, d) were derived fro; a combinadon 
of both genes had significantly reduced ac- 
tivity (Fig. 2). For example, pK54, which 
had only fi.agment c from Krev- 1, was signif- 
icantly less transforming than pK39; pK53 
did not induce dear-cut suppression of 
trandbrmation, although its fragments a, b, 
and c were from Krev-1. Therefore, al- 
though divergent sequences 3' to those m- 
coding amino acid residue 54 do not medi- 
ate the distinct biological activities of the 
two genes, the COOH-tenninal two-thirds 
of the protein may act as a unit whose 
function is impaired by certain chimeric 
co-ons. For example, some sequences 
from each w e n t  pa&cipate in &mine 
nudeotide binding (3, 7). 

Having localized the critical sequences for 
transfbrmation by v-ras or suppression by 
Krev-1 to their NI&-mminal 54 amino 
acids, we assessad the contribution of se- 
quences within this segment by studying 
additional v-ras-AT-Krev-1-T chimeric 
genes (Fig. 3). These genes were construct- 
ed by dividing nudeotides encoding amino 
acids 5-60 of each gene into thr& frag- 
ments (amino acids 5-17, 18-40, and 41- 

60, designated respectively A,, A2, and A3 
fbr Ras and a,, a2, and a,, for Krev-1) and 
ligating them in various combinations to 
amino acid 60 of Krev-1 (Fig. 3). Each of 
the three small segments contained amino 
acids that are divergent between Krev-1 and 
v-ras (Fig. 4). 

When we aramined cellular transforma- 
tion, pK%, whose v-ras sequences were 
limited to nudeotides encoding amino acids 
18-60, was fbund to induce transformation 
with an e5iciency dose to that of v-ras. In 
contrast, substitution of Krev-1 amino acids 
18-40 (pK97 and pK81) or 41-60 (pK95 
and pK63) severely impaired the tramfbrm- 
ing activity. Thus, transformation by the 
chimeras is determined by Ras amino acids 
21-60. Because amino acids 18-20,324, 
and 55-60 in Ras and Krev-1 proteins are 
identical (Fig. 4), our data imply that diver- 
gent amino acids within regions 21-31 and 
45-54 are essential for ras transfbrming 
activity. 
Analysis of the chimeras fbr their ability 

to suppress ras-mediated tramhnnation in- 
dicated that substitution of ras sequences 

Fig. 3. Biological activities of NH2-rrrminal v-rat-AT-Krw-1 chimetic genes. K r e v - 1 4  amino 
acids arc black; residues that arc identical in v-ras arc shown in black, divergent residua arc white, and 
those with comavativc chaagcs arc mottled. Combinations of double-stranded oligonudddes 
composed of nudeotides encoding amino acids 5-17,18-40, and 41-60 of v-rat-AT or Knv-1 were 
ligated to sequences encoding the first five amino acids of v-rat and to the 3' residues of Knv-1, as 
shown, and studied in the expression vector dcsctibed in Fig. 2. pK%, pK95, and pK97, whose 
nudcotides encoding amino acid residues 5-17 wcre derived h r n  Krw-1, encoded Arg in place of 
Gly". Transformation and suppression assays were carried out as described in Fig. 2. 

encoding amino acids 18-40 (pK95 and 
pK63) greatly impaired Krev-1 function. 
When amino acids 18-40 were derived 
h Krev- 1, suppression of tran&onnation 
was maintained whether amino acids 41-60 
were derived from Krev-1 (pK64) or ras 
(pK97 and pK81). In addition, point muta- 
tion of nudktides encod.& & acid 38 
abolished suppression of &formation by 
KW-1 (9). Therefore, biological activity of 
Krw-1 appeared to be mediated by a region 
of Krev-1 that is analogous to the segment 
of ras that conaols efFector function and 
cellular tm&ormation. Divergent amino ac- 
ids required for suppression by Krev-1 were 
restricted to residues 21-31, which is one of 
the two analogous segments of ras that 
L ,  

Previously, we thought the areas of se- 
quence divergence between ras and Krev-1 
that mediate their opposing biological ef- 
fects might be distributed throughout the 
protein. However, we found that the specif- 
ic function of each gene was limited to only 
a few divergent amino acids located within a 
limited, highly conserved region of the 
NH2-termini. Because this region in Ras 
protein has been implicated in effkctor func- 
tion (7, lo), Krev-1 may antagonize ras by 
dinaly interfking with Ras effector func- 
oon. 

Previous analyses of ras genes have used 
mutation-induced loss of biological activity 
to define residues required for ras -or 
function (7, 10). One study concluded that 
amino acids 32-40 were involved in this 
function (10). Independent analysis of sever- 
al in-frame ras insemondeletion mutants 
revealed that lesions involving amino acids 
22-43 displayed a similar phenotype, sug- 
gesting that at least this segment might, in a 
genetic sense, be involved in effector func- 
tion (7). Mutants in this region encode 
stable proteins that retained their membrane 
localization and ability to bind guanine nu- 
deotides, but they are unable to induce 
transformation. Mutation of ras nudeotides 
encoding amino acids 32-40 (10) gives rise 
to mutants with a similar phenotype that, in 
addition, were shown to be defective in their 
ability to promote growth of yeast or to 
stimulate yeast adenylate cyclase (1 1). 

By extendmg the analysis to Krev-1, we 
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examined sequences required for change of 
function (suppression of transformation). 
Given that amino acids 32-44 are identical 
in Krev-1 and ras, that amino acid 38 is 
required for Krev-1 suppression, and that 
Krev-1-specific amino acids benveen resi- 
dues 21 and 31 are also essential for suppres- 
sion ( 9 ) ,  our results imply that suppression 
by Krev-1 is mediated by a region in Krev-1 
that is analogous to the region of ras previ- 
ously defined by the deletion mutants as the 
ras effector region. 

Ras protein crystal structure indicates that 
residues 26-36 form an exterior loop (14 ,  
which suggests that this region is sterically 
available for interaction with Ras target 
molecules. Amino acid residues 26, 27, and 
31, which lie within the NHz-terminal half 
of the loop, are three of the four divergent 
amino acids within segment 21-31 that 
were essential for transformation (Fig. 4). 
This structure is also consistent with results 
from experiments rvith ras deletion mutants 
that implicated these residues in effector 
function (7).  Because specific amino acids 
bentreen residues 45-54 are required for 
efficient transformation by ras, amino acids 
within this segment may impose subtle alter- 
ations on the effector region that are critical 
for transformation but not for suppression. 

Previous studies with a chimera formed 
between the a subunits of the stimulatory 
(G,) and inhibitor?; (Gi) G proteins of ade- 
nylate cyclase, two larger guanine nucleotide 
binding proteins, suggested that COOH- 
terminal sequences contribute to their effec- 
tor function (13). Another study showed 
that a chimeric gene formed between ras and 
the ras-related gene R-ras was transforma- 
tion-defective when the NHz-terminal 11 1 
amino acids were encoded by ras and the 
COOH-terminal amino acids were encoded 
by R-ras (14). Although this loss of function 
suggests that residues located downstream 
from codon 111 might contribute to Ras 
effector function (14, IS), results obtained 
herein suggest an alternative explanation. 
We observed nearly full biological activity 
(determined by fragment A or a) when the 
COOH-terminal amino acids were derived 
from the same gene, but several chimeras 
whose COOH-terminal amino acids were 
derived from combinations of the two genes 
displayed anomalously low activity. Perhaps 
functional integrity of residues carboy1 to 
amino acid 61  must be maintained for bio- 
logical activity, but these residues do not 
contribute to the specificity of the activity 
(transformation versus suppression). In- 
deed, our data indicate that the amino acids 
carboxyl to residue 61 in the Ras and Krev- 1 
protein can substitute functionally for each 
other, although fewer than 50% are identi- 
cal. Because these COOH-terminal residues 

in Ras are known to be required for mem- 
brane association and guanine nucleotide 
binding, our results suggest that the corre- 
sponding region of the Krev-lkncoded 
protein mediates these same functions. We 
infer that other gene families encoding small 
guanine nucleotide binding proteins with 
similarity to Ras proteins, such as rho, ral, R- 
ras, and rah (16), also possess a similar 
functional organization. 

Our results would be expected if Krev-1 
suppressed ras-induced transformation by 
competing with Ras protein for a target 
molecule. Whereas our results are most con- 
sistent with such a model, they do not 
exclude the possibility that Krev-1 antago- 
nizes ras function by transmitting its signal 
to distinct target molecules that in turn 
mediate the anti-ras activity of Krev-1. It will 
be difficult to distinguish unambiguously 
between these nvo possibilities until the 
target molecules are identified. 
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Common Modifications of Trimeric G Proteins and 
ras Protein: Involvement of Polyisoprenylation 

The heterotrimeric guanine nucleotide-binding regulatory proteins act at the inner 
surface of the plasma membrane t o  relay information from cell surface receptors t o  
effectors inside the cell. These G proteins are not integral membrane proteins, yet are 
membrane associated. The processing and function of the y subunit of the yeast G 
protein involved in mating-pheromone signal transduction was found to  be affected by 
the same mutations that block ras processing. The nature of these mutations implied 
that the y subunit was polyisoprenylated and that this modification was necessary for 
membrane association and biological activity. A microbial screen was developed for 
pharmacological agents that inhibit polyisoprenylation and that have potential applica- 
tion in cancer therapy. 

G UANINE NUCLEOTIDE BINDING 

proteins (G proteins) participate in 
eukanotic signal transduction. 

Conlmon characteristics of these proteins 
are guanosine triphosphate (GTP) binding 
and GTPase activity, rvhich are central to the 
G protein's signal-transducing ability. G 
proteins are grouped into at least two class- 
es: the hormone-linked trimeric G proteins 
(1 ) and the single-subunit G protein typified 

by the ras family (2). Trimeric G proteins are 
membrane-associated, consist of three dif- 
ferent subunits (a. p, and y) ,  and transduce 
signals from cell surface receptors to down- 
stream effector proteins on or near the inner 
surface of the plasma membrane. This class 
includes the G proteins G,, recently identi- 
fied as an oncogene (3 ) ,  and G, [\\.hich 
transduces a signal from adrenergic recep- 
tors to stimulate or inhibit c~.clic adenosine 
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