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Enzvmatic Coupling of Cholesterol 
~nterkediates to  tin^ Pheromone 

Precursor and to the Ras Protein 

The post-translational processing of the yeast a-mating 
pheromone precursor, Ras proteins, nuclear lamins, and 
some subunits of trimeric G proteins requires a set of 
complex modifications at their carboxyl termini. This 
processing includes three steps: prenylation of a cysteine 
residue, proteolytic processing, and carboxyrnethylation. 
In the yeast Saccharomyces cerevisiae, the product of  the 
DPR1-RAM1 gene participates in this type of  processing. 
Through the use of an in vitro assay with peptide sub- 
strates modeled after a presumptive a-mating pheromone 
precursor, it was discovered that mutations in DPR1- 
RAM1 cause a defect in the prenylation reaction. It was 
further shown that DPRI-RAM1 encodes an essential and 
limiting component of a protein prenyltransferase. These 
studies also implied a fixed order of  the three processing 
steps shared by prenylated proteins: prenylation, proteol- 
ysis, then carboxyrnethylation. Because the yeast protein 
prenyltransferase could also prenylate human H-ras p21 
precursor, the human DPR1-RAM1 analogue may be a 
useful target for anticancer chemotherapy. 

I SOPRENOIDS ARE A CLASS OF STRUCTURALLY RELATED LIPO- 

philic n~olecules that perform a wide variety of essential cellular 
functions. Isoprenoid lipids include such functionally diverse 

molecules as cholesterol, ubiquinone, dolichols, and chlorophyll, yet 

FV. K. Schafer. C. Evans Trueblood. and J .  Kine are in the Department of Molecular 
and Cell Biologv, Universin of California. Berkelev. C.4 94720. C.-C. Yang and S 
Rosenberg are \Glth Protos dorporation, Erncn.villc. C.4 94608. M P Mavcr u d  C D. 
Poultcr are in the Department of C h e m i s q .  ' ~ ~ n i v c r s i y  of Ctah. S d t  Lake C i n ,  L T  
84112. S:H. Kin1 IS in the D e p m e n t  of Chemistn. and La\vrencc Berkeley 
Laboraton. Universi? of Cd~fornia,  Berkeley, C.4 94720,. 

all isoprenoids are derived from a conunon precursor, mevalonic 
acid. Polyisoprenoid molecules are attached post-translationally to  a 
small class of eukanotic proteins, which includes nuclear lmlins ( I ) ,  
trimeric G proteins (4, lipopeptide pheromones (3, and the Ras 
family of oncoproteins (4-6). The biological activities of several of 
these proteins require association with the inner surface of the 
plasma membrane, and this membrane localization is dependent on 
the post-translational attachment o f the  polyisoprenoid lipid residue 
to the COOH-terminus of the protein. This F p e  of protein 
modification is referred to as protcin prenylation. In the case of the 
Sili~i~avott~yir.z.. icrc~zisine a mating pheromone (a-factor), prenylation is 
necessary for secretion and biological acti\rin (6). Similarly, onco- 
genic Ras proteins require prenylation for both membrane associa- 
tion and transforming activin (4-6). Protein prenylation is a stable 
and irreversible protein modification that plays a critical role in 
directing the modified protein to  the plasma n ~ e m b r ~ u ~ e  (5). 

The mechanism of protein prenylation has recently become of 
interest because of both the \vide range ofproteins that undergo this 
modification and the abilin of inhibitors of prenylation to suppress 
some phenotypes of oncogenic Ras proteins (7).  Information on 
protcin prenylation comes primarily from studies of the processing 
ofyeast and human Ras proteins, nuclear lamins, and yeast a-factor. 
L;\llalysis of the structure of the modified COOH-termini of Ras 
protein and a-factor revealed at least three chemical modifications 
dlat occur post-trar~slationally. These include (i) attachment of an 
isoprene moiet\. to  a cysteine residue near the COOH-terminus 
through a thioed~er linkage, (ii) proteolytic removal of the three 
amino acids clistal to  that qsteine, and (iii) formation of a methyl 
ester at the new COOH-terminus (3-j, 8, 9). Secreted a-factor and 
nuclear lmlin B contain a farnesyl (Cic-lipid) group (1 ,  3), whereas 
the precise identity of the isoprene group attached to Ras proteins 
has not been fully resol\red (4, -7). In some but not all Ras proteins. 
the COOH-terminus is h r ther  modified by the addition of a 
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tor peptide, [14C]IPP, and 
v a t  m e i n  extract as de- 
Abeh (31), and reaction 
products were evaluated Fa 
bv TLC. The extract was 

described (32) and sev&ted into mkbrane (M) and soiuble (S) &om by 

pkpared from S. cerevisiae 

cen-&oi for 30 minutes at loo,@. ihc peptide i,; (sequence: 
YIIKGVFWDPACVIA) has the seaucncc of mature a-factor with the three 

i 

amino acid c00~-tcrhzinal ext&ion found in the primary translation 
product. The peptide s15 (YIIKGVFWDPASVIA) contains a ~~bstitUti0n of 
serine for cysteine at the presumptive site of prenylation, and the peptide a12 
(YIIKGVFWDPAC) has the sequence of mature a-factor. Abbreviations for 
amino acid residues are: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, 
His; I, Ile; K, Lys; L, Leu, M, Met; N, Asn; P, Pro, Q, Gln; R, Arg; S, Scr, 
T, Thr; V, Val; W, Trp; and Y, Tyr. Peptide sequences read from the NH2- 
terminus to the COOH-terminus. Fals indicates,the mob'ity of a hesylat-  
ed 15-amino acid standard detected by ninhydrin staining. 

strain JRY1591 (MATa I 
ade2-101 met his3m lvs2-801 ura3-52). Crude extracts (CI were  red as 

palmitoy1 moiety through a thiocster linkage at a ne@boring 
cysteine subsequent to the first three pcacessing steps (4). The exact 
order of the first three steps is unclear, but in the cases of both Ras 
protein and a-factor, the prenylation step is essential for membrane 
targeting and secretion, respectively, and for biological activity (4 
6)- 
Some infbrmation on prenyl~ansfecases is available from studies 

offmesyl diphosphate (FPP) biosynthesis (lo), ubiquinone biosyn- 
thesis (if), ~ b b e r  biosynthesis (12), and prenylation of tRNA's 
(13). The FPP synthetase, a prenyltransfecase, functions as a homo- 
dimer adding isopentenyl diphosphate (IPP) subunits in trans 
configuration to dimethylally1 diphosphate (DMAPP). In contrast, 
the synthesis of ubiquinone requires the action of hexaprenyl 
diphosphate synthetase (HDS), which is composed of two compo- 
nents that must assemble to form an active enzvme (11). Rubber 

4 \ r  

biosynthesis requires the concerted action of two proteins: one 
protein b ids  to the rubber particle and serves to dock the second 
protein, FPP synthetase, the stereachemid specificity of which is 
reversed, leading to the synthesis of long isoprene polymers in the 
cis configuration. In this example, one polypeptide acts as a 
regulatory subunit, present in equal stoichiometry with the number 
of growing rubber molecules, that controls the enzymatic activity of 
the catalytic subunit (12). Taken together, however, these examples 
do not provide any obvious clue as to the expected structure or 
subunit Compositidn of the putative protein priny~transfrrase. 

One candidate for a gene that might encode a component or a 
regulator of a protein prenyltransferase is the S. cerevisiae gene 
known variously as DPR1, RAMI, STE16, and SCG2. Mutants 
defective in this gene were identified independently on the basis of 
several different phenotypes (14). We refer to the gene as DPR1- 
RAM1 and to the protein encoded by this gene as DPR1-RAM1. 
Loss of DPR1-RAM1 function blocks deleterious phenotypes caused 
by the activated RAS2 gene in yeast. The majority of the Ras2 
protein in dprl-ram1 mutant extracts is present in the cytoplasm, 
rather than in the membrane tiaction. Also. hrl-ram1 mutants of the , z 

a mating type are mating-defective because they fd to secrete a- 
hctor, a famesylated dodecapeptide required for mating. Further- 
more, dprl-ram1 mutants are defective in the processing of the 
STEl8-encoded G protein y subunit, which is apparently prenylated 
(2). The DPR1-RAM1 gene has been cloned by functional comple- 
mentation of the dprl-ram1 mutant phenotype, and the predicted 
sequence of the gene product did not show any homology to 

previously identified proteins of known function (15). 
A protein prcnyl- lctivity in yeast &. To identi@ a 

yeast protein prenyltcansfecase, we developed an in vitro assay for 
this enzymatic activity in yeast extracts. The substrate used for this 
assay w& a 15-amino acid peptide that is a presumptive precursor 
of mature a-factor lipopeptide (3). Prenylation, pmeolysis, and 
cacboxymcthylation of this pept..de would result in a product 
identical to mature a-fictor. The prmyl donor was [I4C]IPP, which 
is a precursor of all isoprene compounds. The peptide and [I4C]IPP 
were incubated together in a yeast extract, and the products were 
then separated by thin-layer chromatography (TLC) and detected 
by autoradiography. A synthetic peptide consisting of a fmesylated 
15amino acid peptide was used as a standard for the expected 
mobility of prenylated product. 

In reactions with a crude yeast extract, a product was formed that 
d g r a t e d  with the famesylated peptide standard. Synthesis of this 
product was dependent on the presence of the yeast extract, the 
peptide substrate, and labeled IPP (Fig. 1). Fractionation of the 
crude cell extract revealed that the protein pcenyltransf&ase activity 
was present exclusively in the soluble, cytoplasmic fraction. This 
fraction also contained the IPP isomerase and FPP svnthetase 
enzymatic activities, which together catalyze the synthesk of FPP 
and other isoprenoid derivatives fiom IPP (16) (Fig. 2). To 
characterize fUrther the vroducts of the in v im reaction. we 
extracted the labeled pesdes with chloroform and methanoi and 
analyzed them by high-performance liquid chromatography 
(HPU=) (Fig. 3). The HPLC conditions were chosen to separate 
famesylated and nonfamesylated 12- and 15-amino acid peptides, 
as well as with a hans,ham-geranylgeranylated 15-amino acid pep 
tide. At least 8 minutes separated the retention times of any two of 
these species. The major labeled peptide fiom the extract elited with 
the same retention time as the hmesylated 15-amino acid peptide 

Substrate IPP FPP 

Peptide - + + + + + + + - + 
Extract WT WT* WT* dprl WT WT dprl WT* WT - 

+dprl 

Flg. 2 In viao labding of peptide with IPP and FPP, and c&ct of IPP 
isomrase inhibitor on protein prenylation. In via0 reactions wae per- 
formed as M b e d  (31) with [I4C]IPP or [3H]FPP (25 pM, 37 mCil 
-1). Products were separated by TLC in solvent X (n-pmpanol:amnnm- 
ia:water, 6:3:1). Reaction mixhlrcs contained wild-type (Wr) solubk 
extract prrparcd from JRY1591 (I mg/rnl), dprl sohbk exact from 
JRY2595 (MATa add-101 met h b 3 m  lys2801 ura3-52 dprl::HIS3) (33) 
(1.6 mg/ml), or W T  soluble extract treated with 200 pA4 3,lkpoxy-l- 
butenyl diphosphate (EBPP) (16) for 20 minutes at room temperature 
(WP). Reactions with FPP as the substrate were pafbnned for 60 minutes. 
Ofthe reactions with IPP as the substnte, reactions 1,3, and 5 were for 20 
minutes; reaction 4 was for 30 minutes; and reaction 2 was incubated 10 
minutes with the dprl::HIS3 extract and an additional 20 miputs after the 
addition of WP extract. The products that migrated between the FaI5 
standard and FPP sandards were unidentified isoprenoid derivatives of IPP 
that were likely to indude isopentenyl monophosphate, gcanyl momphos- 
phate, and hcsyl  monophosphate (see also Fig. 5A). 

SCIENCE, VOL. 24.9 



Flg. 3. HPLC separation ofthe labeled compounds formed by incubation of 
extract fiwn a DPR1-RAMl~erproducing strain (JRY2588) with 
[14C]IPP a d  a - b r  precursor peptide. Incubation conditions were as 
described (Fig. 1). Samples were extracted twice with chloroform. The 
chloroform and water phases were removed and the mnainhg protdn 
interphase was extracted twice with methanol. The methanol Get was 
dried at reduced ~essure. dissolved in acetonitriIe:water:tri0uonwcetic acid 
(TFA) (60:40:0:1), and applied to a Vydac C18 HPLC column (25 by 0.46 
an). Material was eluted with a linear gradient of 36 to 60 percent 
acetonitrile in water containing 0.1 percent TFA for 40 minutes, followed by 
isocratic elution with the 60:40: 0.1 mixture. (A and B) Radioactivity traces 
of two independent incubations of yeast extract with [14C]IPP and a-tactor 
precursor peptide as suhsuates. (C) Same conditions as in (A) and (B), but 
no a-factor peptide added. (D) Same conditions as in (A) and (B), but no 
yeast extract added. (E) Same conditions as in (A) and (B), but yeast extract 
from dprl::HIS3 mutant used. Arrowheads indicate the retention times of 
authentic standards: 1, als; 2, h e s y l  monophosphate; 3, Fal2; and 4, Fau. 

standard. Thus, a signiiicant amount of the prenylated product of 
the in v im reaction was, like secreted a-factor, modified by a 
farnesyl moiety. Because the major species of prenylated peptide was 
apparently not subjected to proteolysis, prenylation appears to accur 
before proteolysis in vim. 

FPP could also act as a prenyl donor in the protein prenylation 
reaction. The use of [3H]FPP in place of ['4C]IPP resulted in the 
production of a labeled peptide that cornigrated with the famesylat- 
ed peptide standard (Fig. 2). The formation of this labeled peptide 
required the presence of both the peptide substrate and the yeast 
extract. Because FPP could be incorporated into the pept..de product 
and the prenylated product resulting from reaction with IPP 
appeared to be famesylated, FPP itself was probably the substrate 
for the prenylation reaction. However, because commercially avail- 
able [14C]IPP, when converted to FPP in the reaction, was of higher 
specific activity and therefore easier to detect than commercially 
available 13H]FPP, [14C]IPP was used as the lipid substrate in most 
of our exwriments. 

I 

The specificity of the protein prenyltransferase activity was con- 
sistent with available intbrmation on protein prenylation in vivo (1, 
3, 4). The protein prenyltransfkase reaction required the cysteine 
residue near the COOH-terminus-replacement of this cysteine 
with a serine prevented the peptide from acting as a substrate in the 
reaction (Fig. 1). A 12-amino acid peptide ladring the last three 
amino acids of the a-factor precursor was also not a substrate for 
prenylation. This result, along with the HPLC analysis and results 
showing that carboxymethylation requires a famesylated and pro- 
teolytically processed substrate (1 7), suggested that the order of the 
processing steps was prenylation, proteolysis, and methylation. By 
scanning the TLC plates it was possible to quantify the '4C-labeled 

Fig. 4. (A) Construction of the DPR1-RAM1 deletion dele. A replacanent 
of the entire DPR1-RAM1 coding sequence with HIS3 and subsequent 
disruption of the chromosomal DPR1-RAM1 locus was perfbnned as 
described (33). (B) Effect of DPR1-RAM1 on l&tion of Ras2 in vivo. 
The subcellular localization of Ras2 and PGK was evaluated by imrnunoblot- 
~g in isogenic DPR1-RAM1 and dprl::HIS3 strains carrying RAS2 on a 
multicopy plasmid as described (6). The detection of PGK in the fractionated 
extracts served as a control to determine the amount of soluble protein 
contaminating the membrane fractions. C, M, and S d e r  to the crude 
extract, membrane fraction, and soluble fraction, respectively, as in Fig. 1. 
(C) Map position of DPRI. Genetic distances [in centiMorgans (cM)] were 
determined by a three-factor cross with mutations in the DPR1, TRP1, and 
SIR2 genes. A total of 34 tetrads were analyzed. The tetrad ratios from which 
these map distances were derived were as follows: SIR2-DPR1, 19 parental 
ditypes (PD)::9 tetra 0 : : O  nonparental di (NPD); SIRZ- 
TRPI, 18 PD::Y TT:%PD; TRPI-DPRI, 9 PD::%T::O NPD. The 
pattern of crossing over in the cross was consistent with the gene order 
indicated. All three genes are located on the left arm of yeast chromosome 
IV. 

Retention time [min] 

reaction product and to show that the assay was linear with respect 
to time &d amount of extract (18). 
A role for DPR1-RAM1 in daerrmnrag . . the localization of 

Ras2 in vivo. In order to address the role of DPR1-RAM1 in 
protein prenylation, we constructed a yeast strain that did not 
express DPR1-RAMI. The deletion allele dprl:: HIS3 (Fig. 4A), in 
which the entire DPR1-RAM1 coding sequence (15) was removed 
and replaced by HZS3, with all flanki;g ~ u e n c e s  being left intact, 
was substituted for one of the two wild-type alleles in a diploid yeast 
strain by one-step gene replacement (19). This diploid, containing 
both a mutant and a wild-type allele of DPRI-RAM1, was slightly 
defxtive for growth at high kperature. The diploid was sporulat- 
ed, and meiotic progeny were isolated to determine the phenotype 
of haploid segregants lacking functional DPR1-RAM1. Because 
membrane-associated Ras is essential for cell division, we expected 
cells completely ladring DPR1-RAM1 to be inviable (20). Howev- 
er, dprl:: HIS3 segregants were viable, but were temperature-sensi- 
tive for growth (jl).-~ike strains containing a dprl point mutation, 
dprl:: HIS3 MATa strains were unable to mate. 

Because dprl mutations affect the localization of Ras2, we investi- 
gated the effect of the complete absence of DPR1-RAM1 on the 
cellular l o c h t i o n  of Ras2. Protein extracts were prepared from 
isogenic DPRl and dprl:: HIS3 strains carrying RAS2 on a multi- 
copy plasmid to facilitate detection of Ras2. Soluble and membrane 
fiafia&ions were prepared from the extracts and analyzed by immuno- 
blotting with a monoclonal antibody, Y13-259, to Ras proteins 
(22). An antibody to the soluble enzyme phosphoglyceratekinase 

Sal l Pct I Hpa I Xba l 
TRPl SIR2 DPR 1 

I I I 

I 22 chl 16cbl 

Pst I 
300 bp 

H I S 3  

B DPRI d p r l  DPRI d p r l  

C M S  C M . 5  C h l S  C M S  

an t ibody  t o  RAS an t ibody  t o  PKG 
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(PGK) was also used to con6rm adequate cell fractionation (23). 
The Ras2 protein in wild-type yeast cells was found primarily in the 
membrane fraction (Fig. 4B). As expected, most of the Ras2 in the 
dprl:: HIS3 strain was h d  in the cytoplasm, although a small but 
detectable amount was present in the membrane fraction (Fig. 4B). 
This result suggested that DPR1-RAM1 function may not be 
essential for Ras protein localization at lower temperatures (23°C). 
Thus, whereas the DPRl-RAM1 protein facilitated membrane 
association of Ras2 protein, a dSmaUfiac t ion  of the Ras2 protein 
became membrane-associated in the complete absence of DPR1- 
RAM1 protein. This result may explain why the DPRI-RAM1 
deletion is only conditionally lethal. Evidence discussed below 
suggests the existence of other related enzymes that may be responsi- 
ble for this low level of membrane association. 

In the course of these studies, we determined the map position of 
DPR1-RAM1 by a three-factor genetic cross. DPR1-RAM1 maps 
approximately 30 map units from the centromere on the left arm of 
chromosome IV (Fig. 4C). 

Protein prcnylttansferasc de6ciency of dprf-ram1 mutants. 
The in v im assay was used to determine whether DPR1-RAM1 was 
necessary for protein prenyltransferase activity. Protein extracts were 
prepared from a dprl:: HIS3 strain, and protein prenyltransfaase 
assays were conducted with the d e d  a-fictor pprecursor as the 
substrate. These mutant extracts did not contain any detectable 
protein prenyltransferase activity (Fig. 5A). This deficiency was not 
due to an inability to convert IPP to FPP, because the amount of 
FPP generated by the dprl:: HIS3 extract was equivalent to that 
generated by the wild-type extract. Extracts prepared from five other 
dprl-ram1 mutants were similarly assayed, and all displayed a defect 
in protein prenyltransferase activity. 

To investigate whether DPR1-RAM1 was limiting for protein 
prenyltransferase activity in vitro, we prepared protein extracts from 
both wild-type cells and cells containing DPR1-RAM1 on a multi- 
copy plasmid. The specific activity of the protein prenyltransferase in 
the DPR1-RAM1 overexpressing strain was approximately four 
times higher than that in the wild type (Fig. 5B). The reactions were 
linear with respect to both time and amount of extract added, and 

Fig. 5. (A) The DPR1-RAM1 protein is A - 4 

S T 2  
required for protein prenyltransferase ac- extract i 9 2 ,  
tiv~ty. Protein prenyltransferase assays aPactorpcptide + + - 
were performed as described (Fig. 1) 
except that solvent X was used to sepa- 
rate the reaction products on TLC plates. 
The D P R l  soluble extract was prepared  fa^^ + 

from JRY1591 and used at a final con- 
centration of 1 mglml. The dprl soluble 
extract was prepared from JRY2595 and 
used at a concentration of 1.6 mglml. 
Based on quantitation of product with a 
beta scanner, the specific activity of the 
wild-type extract is at lcast tenfold great- 
er than that of the dprl extract; based on FPP + 
autoradiography, which is more sensi- 
tive, the specific activity in the mutant 
extracts was found to be significantly 

0 
IPP-. 4 b  e m 

lower than the limit of detection by beta 
scanning. (B) Comparison of calculated 
specific activities of isogenic wild-type 
( F T )  and DPR1-RAMl-o\,erproducing (pDPR1) smins. Soluble extracts 
prepared from wild-type (JRY2587: M.4 Ta a d d -  101 met hi53hZ00 lys2-801 
ura3-52 carrying the plasmid pSEY8) or DPR1-RAMl-owrproducing 
[JRY2588:MA Ta add-101 met hisJh200 lys2-801 ura3-52 carrying pJR856, a 
multicopy plasmid consisting of a Sal I-Xba I fragment containing D P R I  
cloned into the plylinker of pSEY8 ( 3 4 ) j  strains were assayed at two 
different concentrations and at mro different time points as indicated. The 
prenylated product was dctected and quandied with a beta scanner as the 
number of picomoles of IPP incorporated. An autoradiogram derived from 

the conversion of IPP to FPP was no greater in the DPR1-RAM1 
overexpressor than in the wild-type strain. Thus, DPR1-RAM1 
appeared to be both essential and limiting for protein prenyltransfer- 
ase activity in vim. 

The dprl:: HIS3 extract was used to explore the specificity of yeast 
protein prenyltransferase for its lipid substrate. These experiments 
made use of an irreversible inhibitor of IPP isomerase, 3,4-epoxy-1- 
butenyl diphosphate (EBPP) (1  6). The IPP isomerase is required for 
the conversion of the relatively unreactive IPP to the more reactive 
allylic isomer DMAPP. This conversion is also a necessary step fbr 
the production of longer alylic isoprenes such as geranyl diphos- 
phate and FPP. A wild-type extract treated with EBPP was rendered 
almost completely inactive with respect to the prenylation of the a- 
factor precursor when IPP was used as the labeled substrate (Fig. 2) 
and was also unable to produce FPP. However, when FPP was used 
as the labeled substrate, EBPP treatment did not detectably inhibit 
peptide prenylation (Fig. 2). 

In order to determine whether EBPP, an IPP analog, was directly 
inhibiting the addition of IPP to the peptide, we performed an in 
vitro complementation test by mixing the dprl:: HIS3 strain extract 
and the EBPP-treated wild-type extract. As noted, the dprl:: HIS3 
cell extract was defective in prenylation of the peptide, but was able 
to synthesize FPP. When the extracts were mixed, efficient produc- 
tion of prenylated peptide product was observed in the presence of 
IPP. Thus, with the dprl:: HIS3 extract generating dylic substrates, 
the EBPP-treated wild-type extract showed protein prenyltransfer- 
ase activity (Fig. 2). Therefore, it appeared that IPP itself was not 
efficiently utilized by the protein prenyltransferase, and that an 
allylic polyisoprenoid, most likely FPP, was the preferred substrate 
for protein prenylation. 

DPR1-RAM1, a component of a protein pnnyltnnsfmsc. 
Because DPR1-RAM1 was essential for protein prenyltransferase 
activity in vitro, we investigated whether this protein was, in hct, a 
component of the protein prenyltranderase. An alternative possibili- 
ty was that DPR1-RAM1 acts indirectly, such as by regulating the 
synthesis of the protein prenyltransferase. To distinguish between 
these possibilities, DPR1-RAM1 was cloned into a bacterial expres- 

Lane Extract 
type 

Reaction Product Specific activity 
time (min) (pmol) (pmoVmin.mg) 

7.5 10.3 102 
22.5 37.4 123 

7.5 23.3 115 
22.5 59.9 99  

WT avg. = 110 
7.5 38.4 379 

22.5 140.4 462 
7.5 71.3 352 

22.5 212.2 349 
pDPRl avg. = 386 

Reaction 1 2 3 4 5 6 7 8 9 10 

this experiment is shown bclow. Reactions 9 and 10 were control experi- 
ments with either a wild-type or DPR1-RkVl-o~~erproducing extract, 
respectivelv, without the peptide substrate. These control reactions con- 
tained 27.0 pg of yeast proteln and were conducted for 30 minutes. Average 
(avg.) specific activity values for the two strains are shown. 
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Fig. 6. (A) c o m ~ ~ c t i o n  of A Xba I Nde I B Crude 
DPRl extract Pellet 

C z ? ? ? ; :  2 
E. coli expression plasmid n pmmoter 4 4 4 4 4 . 4 4  Yeast extract 4 a a a 9 P P 
pT7-DPRl. The DPR1- 

E. roli extract  - - D' d- - - DC 
placed downstream of a 

peptide + + + + - - - 
high level production of 
DPR1-RAM1 in E. coli, as X- 

described (35); on' and bla 
refa to the Col E l  origin of Fals * 
replication and p-larramosc 
structural gene, respectively. Y-, 

Xba I 
(B) J?uri6cation of DPRl Eca RI  
after production in E. coli. Xba I Eca RI-xba I 

I : 1 J i h 7  

Lanes 1 and 5, molecular adaptor 1 2 3 4 5 h - h  

mass standards (Bio-Rad): 
myosin (200 kD), f3-galactosidase (116.3 kD), rabbit musde phosphorylase contained the a-fkctor 15amino acid peptide, whereas reaction mixturrs 
b (97.4 kD), bovine serum albumin (66.2 kD), hen egg ovalbumin (42.7 loaded onto lvlcs 5 to 8 lacked the peptide. Soluble fractions were prepared 
kD), carbonic anhydrase (31 kD). The band Mow myosin is a degradation from wild-type (JRY1591) d dprl::HIS3 (JRY2595) strains. (D+) indi- 
product of unknown molecular mass. Lanes 2 and 3, crude extracts from E. catcs the addition of DPR1-RAM1 fiom E. coli strain BL21(DE3) (36) 
coli strain BL21(DE3) (36) d r m e d  with pT7-DPR1; lane 4, crude transformed with pT7-DPR1; (d-) indicates the addition of a renatured 
extract from BL21(DE3) transformed with pT7-7; lanes 6 and 7, indusion protein fraction fi-om E. coli strain BUl(DE3) transformed with pT7-7. The 

llet from BL21(DE3) transformed with pT7-DPR1; lane 8, ''indu- TLC plate was developed in solvent B, sprayed with En3Hancc (Dupont, 2 ky pellet" fraction from BL21(DU) trambrmed with pT7-7. Biotechnology Systems), and exposed to film for 3 days. x and y indicate 
Samples were prepared as described (37) and dectrophoretidy separated on labeled peptide products of unknown identity. Renatured protein was 
a 7.5 to 15 percent SDS-polyacrylamide gel. (C) Renatured DPR1-RAM1 prepared from an inclusion body pellet fraction of E. coli expressing DPR1- 
from E. coli restored protein prcnyltransferasc activity to yeast extract ladring RAM1 and from an equivalent fraction from an E. coli strain that was not 
DPRl-RAM1. Protein prenyltransferase assays and TLC werr pfbrmed as producing DPR1-RAMl. Isolation of indusion body pellets, solubilization 
described (Fig. 1). Reaction mixtum (8 4) loaded onto lanes 1 to 4 in 8 M urea, and renaturation of DPR1-RAM1 was as described (37). 

sion plasmid so that DPR1-RAM1 could be made in Escherichia coli 
(Fig. 6A). The DPR1-RAM1 produced in E. coli had an apparent 
molecular mass of 42 kD, a value that correlates well with the 
electrophoretic mobility of in vitro-mmlated DPR1-RAM1 (15) 
(Fig. 6B). Cell fiactionation experiments showed that this protein 
was locaked primarily in indusion bodies (Fig. 6B). The inclusion 
body fraction was therefore isolated, solubilized in 8 M urea, and 
renatured by dialysis. 

Addition of renatured DPR1-RAM1 to a dprl :: HIS3 cell extract 
resulted in significant protein prenylmademe activity toward the 
peptide substrate (Fig. 6C). Adding renatured indusion body 
material from E. coli that did not express DPR1-RAM1 did not 
result in measurable activity. The reconstitution of protein prenyl- 
transferase activity in v im by bacterially produced DPR1-RAM1 
indicated a direct role for this protein in the protein prenyltransfer- 
ase reaction and ruled out the possibility that DPR1-RAM1 regulat- 
ed the synthesis of the protein prenyltransferase enzyme. 

Further evidence that DPR1-RAM1 partiapated dkecdy in the 
prenylation reaction was provided by the phenotype of an unusual 
dprl-ram1 point mutation. Several dprl-ram1 mutants were isolated in 
a genetic screen and assayed for protein prenyltransferase activity in 
vim under a variety of b&r and pH conditions. One allele, dprl- 
101, altered the physical properties of the protein prenyltransferase. 
Exnacts fiom wild-type cells had substantial enzymatic activity in 
phosphate buffers between pH 7.0 and pH 7.5, but activity was 
greatly diminished in ais-HC1 (pH 7.5) and was even less in tris- 
HCI (pH 8.2) (Fig. 7). In contrast, extracts made fiwn a dprl-101 
strain had very little activity under the optimal conditions for the 
wild-type extract and had substantially more activity under the 
buffer conditions in which wild-type extracts had little activity. 
Because both extracts were prepared in tris-HC1 buffer, the sensitiv- 
ity of the mutant protein to phosphate in the reaction bufFer 
indicated that the dprl- 101 mutation caused a specific alteration in a 
component that actually functions during the protein prenyltransfer- 
ase reaction. The simplest interpretation is that DPR1-RAM1 en- 
codes at least part of the enzyme catalyzing the protein prenylation 
reaction. 

We have been unable to detca enzymatic activity of DPR1- 
RAM1 purified from E. coli in the absence of added yeast extract, 

with either IPP or FPP as a substrate. Thus, at least one other yeast 
factor in addition to DPR1-RAM1 may be necessary fbr protein 
prenyltransferase activity. This other factor may represent an addi- 
tional subunit in a multimeric enzyme complex-possibly analogous 
to HDS of Micrococcus luteus (1 I), the active form of which comprises 
two components. Evidence suggests that the active form of a 
mammalian protein prenyltransferase may be a hetemdimer (24). 

Requirement for DPR1-RAM1 in prcnylation of human H- 
Ras. Genetic evidence suggests that the DPR1-RAM1 protein 
prenyltransferase modi6es both a-factor and Ras2 in yeast cells. 
 use human Ras can functionally substitute for Ras2 in yeast, 
human Ras precursor protein should also be a substrate fbr modifi- 
cation by DPR1-RAMl. To test this hypothesis, we produced 
human H-Ras (p21) in E. coli and p d e d  the fraction of the 
protein that was soluble. The soluble protein is st i l l  in the precursor 
form, but when injected into a Xenopus oocyte it can be modified in 
an isoprene-dependent process to activate germinal vesicle break- 
down (6,25). Assays were therefore carried out with purified human 
H-Ras precursor as the substrate. The products of the reaction were 
separated by electrophoresis, and labeled products were visualized 
by autoradiography. 

Human H-Ras was prenylated in a DPRI-RAM1-dependent 
manner. An in v im reaction with a wild-type yeast extract and 
['4~]XPP labeled a 21-kD protein, and this labeling was dependent 
on addition of both H-Ras and the yeast extract (Fig. 8). Moreover, 
a dprl::HIS3 mutant extract was defixtive in the prenylation of 
human Ras in vitro. However, long autoradiographic exposures of 
gels containing the products of reactions performed with the 
dprl:: HIS3 extract at high protein concentrations revealed a small 
amount of labeled Ras. This result was consistent with the small 
amount of membrane-associated Ras2 observed in &rl::HIS3 
mutants and may be attributable to the presence of ~th;r '~rotein 
prenyl- in yeast extracts. The defect in in vitro prenylation 
of Ras precursor observed in the dprl :: HIS3 mutant extract suggest- 
ed strongly that the DPR1-RAM1 protein prenyltransferasc cam- 
lyzes the prenylation of both a-fictor and Ras in yeast cells. By 
inference, a human DPR1-RAM1 homolog may provide the same 
modification to Ras proteins in human ce&. 

In independent experiments, others have shown that yeast Ras2 is 
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Fig. 7. The dprl-101 mu- 
tation causes a speafic 
alteration in the protein 
pcenyl- en- 
zyme. Reacttons were 
@med as described 
(Fig. I), except that KC1 

Bufter Phosphate Tris-HCI -- 
OH 7.0 7.5 7.5 8.2 

DPRl 4 - 1  

wai omitted f;om the re- 
action mixture. The indi- 
cated buffer was present 
at a wncentcation of 50 
mM. The DPR1-RAM1 dprl-lO1 
reactions were per- 
fbrmed with a d u b k  
extract from JRY1591 
(final wncentration of 1 mglml) fbr 45 minutes. The dprl-101 reactions, 
containing a soluble exuact from YWSlOl (MATa ade2-101 met h k 3 m  
lys2-801 ura3-52 R A S ~ " ~ ' ~  dprl-101) (final concentration of 1.8 mglml), were 
p c r f o d  fbr 75 minutes. 

Flg. 8. Pcenylation of human Ras precur- - 
sor in vim. Protein prenyltransfeme as- g $ z s  
says were wnducted as described (Fig. l), 
except that purified human H-Ras precur- 
sor (100 @ml) (38) was used in the p21 Ras  + - + + 
reactions in place of the a-factor peptide. 
After a &minute incubation at 3% 25 
pl of reaction mixtum were boiled fbr 4 
minutes in 8 percent glycerol, 1.7 percent 21 kD ' 
SDS, and 75 rnM DTT. Products were 
sep&ted by SDS-polyaaylamide gel elec- 
mohoresis and detected bv aumradioeraohv. DPR1-RAM1 (DPR1) solubk 

" A .  

&ct prepared from ~ ~ ? 1 5 9 1  was present at a final wn&ntra& of 1 
mg/ml, whereas the dprl-rmnl (dprl) soluble extract pKparcd from JRY2595 
was present at a wncenn-ation of 1.6 mglml. 

pmylated in yeast extracts in vitro in a DPR1-RAM1-dependent 
manner. These experiments support the conclusions presented herc 
and extend them by the demonstration that yeast Ras2, like human 
H-ras, is a prenylated protein (26). 
Insights into a-fictor pra?cssing. Bccause the major prenylated 

product of our 15-amino acid substrate was apparently not subject- 
ed to proteolysis, and the 12-amino acid peptide was not a substrate 
fbr prenylation, a-factor pmylation must p d e  proteoiysis. Fur- 
thermore, because carboxymethylation of a-hctor quires  a sub- 
strate that has undergone prenylation and pmteolysis (IT, the 
id& order of processing is prmylation, proteolysis, and carboxy- 
methylation. It is likely that mutations in any genc encoding a 
component required fbr a-factor processing will block the mating 
ability of cells of the a mating type and have little or no &ect on the 
mating of a cells. Only three such a-specific sterile genes are known: 
DPR1-RAM1, STE6, and STE14. The STE6 gene encodes a 
membrane protein that is required for secretion of a-factor and is the 
yeast homolog of the human MDR locus (27). The STE14 genc 
encodes or regulates the carboxymethylase (17, and DPR1-RAM1 
encodes a component of the prenyltransfecase. There are no candi- 
date genes for either the protease that removes the pro sequence of 
a-hctor or the protease that removes the COOH-terminal three 
amino acids. Similarly, there are no candidates fbr the missjmg 
component or components of the pmyltcansfccase. Therefore, it is 
likely that three or more genes required fbr a-fictor processing 
remain to be discovered, although it is possible that more than one 
function may be encoded by the same gene. 

Protein prenyltrvrstitasts as targets fbr chemotherapy. Ras 
oncoproteins have been implicated in the pathogenesis of many 
types of cancer. For example, ras oncogenes have been fbund in 50 
percent of all coloreaal tumors, 50 percent of lung adenowdrm 
mas, and 90 percent of pancreatic tumors (28). Because prenylation 
and plasma membrane association are critical for the oncogenic 

properties of Ras oncoproteins, agents that block this modification 
in human cells would have therapeutic potential for the tmamnt of 
several common types of cancer. In addition, mutations in genes 
en* subunits of trimeric G proteins, termedgsp mutations, are 
also o"ogenic (29). Because the membrane association and biologi- 
cal activity of at least one and possibly all trimeric G proteins also 
requires prenylation (2), gsp-related cancers might also be suscepti- 
ble to this type of treatment. Thus, the potential of a drug that could 
inhibit prenylation of oncoproteins could extend beyond those types 
of cancer associated with ras oncogenes. 

Our data suggest that yeast DPR1-RAM1 encodes a component 
of a protein prenyltransfzcase. Two additional ycast genes have been 
identified that share sequence homology to DPRI-RAM1 (30). 
Because our dprl-ram1 deletion mutant still contained a small 
amount of membrane-associated Ras2, and because H-Ras was still 
labeled by IPP to a small extent in dprl-ram1 mutant extracts, at lcast 
one of dKsC homologous genes may also encode a component of a 
smctudy related protein prenyltcansfi:case with wcak, but measur- 
able, activity toward Ras. The existence of numerous Ras-related 
proteins with similar but not identical modifiable COOH-termini 
raises the possibility that some pmyltransfecase isozymes may 
prefixentially mod@ certain pcenylad proteins and be specific for 
various chain lengths in the isoprene substrata. Hamgtneity in 
the lipid moiety attached by these diffmnt isozymes may be 
important in targeting these different classes of proteins to specific 
cellular compamnents. Sharing of subunits between d h t  pro- 
tein prenyltransfxaxs, as suggested by the enzymology of rubber 
biosynthesis, could M a  conmbute to the diversity and potential 
functional specialization of these modifications. 

Because the DPR1-RAM1 protein prenyltransfimsc is not essen- 
tial fbr viability of yeast cells, it is possible that specific inhibitors of 
individual protein prenylaansferase isozymes of humans would be 
relatively nontoxic. Furthennore, yeast strains expressing mammali- 
an DPR1-RAM1 homologs could be used in an in vivo drug screen 
similar to that described previously (2). 
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t r c ~ t c d  with Ivsoz!rnc ( 0 . 1  rnp nll t i ~ r  30 minutes .it O'C). .uld thcn AlgSO,. S P -  
40. and dcou\r~bonuclcasc I ~ D N a s c  Ii ncrc added to find conccnuatlons of 5 
nL\I. 1 pcrccnt. and 230 units ml. rcspcctlvclv. .After .I 20-miniltc ~ncilb.it~on .it 
O'C. ~ncluslon bodies \\ere separated bv icntritiipation at 12,000~t f i r  10 minutes. 
\\ ~ s h c d  n\-ice 1~1th  50 n ~ \ l  t r ~ s  ( p H  8 01. 100 m\l SaCI, 1 n ~ \ l  EDTA, .uid 0 . 1  
pcrccnt SP-40.  and rcsuspcndcd at onc~thlrd the or~plnal \oli~rnc of cnldc emact  
in 8.\1 ilrc.1. 30 mA1 tri\ I p H  7.5).  5 n ~ \ l  EDTA. 3 n ~ \ l  hlpCI,. and 5 n ~ \ 1  DTT.  
For clcctrophorcsis. saniplcs of ~ncluslon bod! pcllcts n ere bollcd for 4 nunutcs In 
a tind conccntr.itlon of I x \~rnplc  buf i r .  For rcn3tur.itlon of DI'R1 R U 1 1  for 
pnltcln prcn\ltr3nskrasc assals, solubilizcd pcllcts \vcrc incuh.ltcd .lt room tcm- 
pcraturc for 1 hour. .ind dialyzed .ig.ilnst n\.o ch.ingcs of 20  n ~ \ l  uls ( p H  ; 5 I. 1 
mA1 EDT.l. 0 6 n ~ \ 1  Alp(:l?. 50 rn>I S.i('l, .ind 0.5 m>l I ITT .it room 
t c m p c r ~ t ~ ~ r c  for 8 hours and thcn o \ c r n ~ g h t  agJlnst the s m c  buticr .lt P C  
Rcnaturcd protcln s.imp1cs wcrc concentrated approxlmatcl\ tenfold in collodion 
h.ig\ I Schclchcr & Schilcllr Insolilblc pnltcln \\ .ii rcti~ovcd h\ ccntrifug3tion. 
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Tjnn  B)r comlilcnts on the manilscript Supponeit h!. .In S S F  prcdoctoral 
t'cllc~\vshi~-, ! W . R  SI,  .? l )amot~  Run!-on-FVdtcr n'lnchcll C.ulccr Rcsc.irch Fund 
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