protein structure, possibly in the primary
sequence. In addition, it suggested that
these amphiphilic, acylated proteins are not
anchored in the membrane by COOH-ter-
minal regions, but rather are anchored by
the NH,-terminal portion of the molecule.
This orientation is common in the prokary-
otic lipoproteins (9, 14) but has not been
described in phase-variant surface antigen
systems.

Thus, we have identified antigenically dis-
tinct sets of lipid-modified surface proteins
in M. hyorhinis that undergo high-frequency
reciprocal phase variation as well as size
variation in isogenic populations. These
variations can occur concomitantly with or
independently from other reversible pheno-
typic transitions, raising the possibility of a
coordinately regulated system perhaps mod-
ulated by external stimuli (7). The degree of
diversification in separate, antigenically dis-
tinct sets of lipoproteins recognized in this
species by other MAbs (9) is not known, but
phenotypic changes in the expression of
another prototype lipoprotein, p120 (9, 15),
have also been observed in subcloned lin-
eages (12). Phase variation of these or sever-
al other membrane lipoproteins (15) could
be important in providing antigenic and
functional flexibility in populations of these
organisms. Genetic mechanisms generating
this diversity are not yet understood, but
previous reports of lysogenic viruses in this
species (16) as well as the demonstration of
potentially transmissible elements resem-
bling prokaryotic insertion sequences (17)
provide an impetus to analyze possible ge-
nomic rearrangements associated with the
observed phenotype changes. These studies
may reveal common and perhaps novel
mechanisms used by other mycoplasmas
that are also known to express intraspecies
diversity in several phenotypic traits (18).
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Prenylated Proteins: The Structure of the

Isoprenoid Group

H. C. RiLLING, E. BREUNGER, W. W. EpPsTEIN, P. F. CRAIN

The mevalonate-derived portion of a prenylated protein from Chinese hamster ovary
cells has been established as diterpenoid (Cy). This group is linked to a carboxyl-
terminal cysteine as a thioether. It was removed from the protein by hydrazinolysis
followed by Raney nickel desulfurization, and the resulting hydrocarbon fraction was
analyzed by gas chromatography—mass spectrometry.

RENYLATION, A RECENTLY DISCOV-

ered posttranslational modification of

proteins, has become a topic of sub-
stantial interest (7). Prenylation is one of a
series of reactions involved in converting
Ras proteins to their active form (1, 2). Ras
oncogene products play a prominent role in
neoplastic processes, and overexpression of
normal Ras protein has been linked to ma-
lignant transformation (3). Covalent modifi-
cation of proteins and peptides by mevalon-
ate-derived polyprenyl groups has been
demonstrated in a number of tissues and is
apparently a general phenomenon (4-7).
Current thought concerning the events sur-
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rounding prenylation has come from con-
sideration of similarities in the structure,
function, and processing of Ras proteins
and the a factor, a yeast mating pheromone.
Precursor proteins, pro-proteins that are
synthesized in the cytosol, share a common
carboxyl-terminal ~ sequence  Cys-AAX,
where A and X refer to aliphatic and any
amino acid, respectively. Processing involves
the proteolytic removal of the terminal tri-
peptide, exposing cysteine as the new car-
boxyl-terminal amino acid and converting
the free carboxyl to its methyl ester. At some
point in the process the cysteine is prenylat-
ed by alkylation of its sulfur by a polyprenyl
donor, presumably the diphosphate. The
identity of only one prenyl group has been
established unequivocally; the yeast isopre-
noid is the C;s farnesyl group (8, 9).

We studied prenylation of proteins in
Chinese hamster ovary (CHO) cells and
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found two different sizes of polyisoprenoid
groups that were covalently attached to cel-
lular protein (10). Both groups are linked as
thioethers to a carboxyl-terminal cysteine.
The smaller isoprenoid has been isolated as a
hydrocarbon by a cleavage reaction, and we
report that on the basis of mass spectromet-
ric analysis that it has a diterpene (Cy)
structure.

The CHO-K1 cells were grown on media
containing [5-*H]mevalonate to label the
prenyl groups (11). Prenylated cysteine was
cleaved from total cellular protein by hydra-
zinolysis (12), and the neutral amino acid
fraction was isolated by ion exchange chro-
matography. Treatment of this fraction with
Raney nickel (13) released the prenyl groups
as hydrocarbons. The smaller hydrocarbon
was purified by gel exclusion chromatogra-
phy (11) followed by chromatography on a
small column of silica gel prior to analysis

by gas chromatography—mass spectrometry
(GC-MS).

The GC-MS data (Fig. 1) show four
species that contain an isoprene function,
identified by formation of the isoprene ion
(mass-to-charge ratio m/z of 69 ) (14). Mass
spectra of the two major components, peak
1 (Fig. 1B) and peak 2 (whose spectrum is
essentially identical to that of peak 1) indi-
cate a molecular weight of 274 daltons,
supporting the presence of two CyoHay hy-
drocarbons with four degrees of unsatura-
tion. The ions of m/z 69, 137, and 205
clearly are associated with isoprene frag-
ments (14). The occurrence of two hydro-
carbons may be due to two Cy prenylated
cysteines whose double-bond geometry dif-
fers, or it may result from Raney nickel
hydrogenolysis of one allylic thioether in
two ways (15). In either case the presence of
additional hydrocarbons (Fig. 1A) of molec-
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100 69 6 137 s Fig. 1. Gas chromatography—mass
CHy CHy CHy CHy spectrometry (16) of products of
CH3C=CHCH,CH,C=CHCH,{CH,C=CHCH,CH,CHCH,CH3 Raney nickel desulfurization of
767 prenylated cysteines released by hy-
757 ‘—% x10 drazinolysis of total proteins from
CHO-KI cells. (A) Reconstructed
276 ion chromatogram for the charac-
501 r12 teristic isoprene ion, m/z 69; no
95 other significant isoprenoid prod-
819123 ucts were observed. (B) Mass spec-
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261 2 of p . Structures accompanying
l 113[7 207 ] W the mass spectra are arbitrarily
e LA Y L drawn to simplify presentation, and
100 200 300 are not meant to imply that double-
m/z bond geometry is known.
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ular weight 276 (peak 3, mass spectrum
shown in Fig. 1C; peak 4, two species
whose spectra are not shown; that of the
major species is essentially identical to that
of peak 3) would be consistent with partial
hydrogenation by Raney nickel of the two
CyoHj34 compounds, respectively.

Although our evidence does not permit
the assignment of double-bond geometry, it
is most reasonable to assume that three
double bonds are E, which is consistent with
most known terpenes from higher animals.
A definitive assignment of structure must
await further studies. Nonetheless, this
prenyl group has been isolated from higher
animal tissues as a product of de novo
synthesis and has been established as being
covalently attached to protein, as opposed to
the case for fungal prenylated peptides.
Hancock et al. (2) reported that protein
from COS cells was covalently modified by
farnesol- and geraniol-like compounds.
However, it is doubtful that the treatment
they used, digestion with pronase, cleaved
the thioether bond of the prenyl cysteine.
The relatively nonpolar material that they
found on reversed-phase thin-layer chroma-
tography was likely a prenyl cysteine.

The carboxyl-terminal cysteine of preny-
lated Ras protein and yeast mating factor
occurs as the methyl ester. The prenylated
proteins of CHO cells are not so methylat-
ed. Hydrazinolysis of esters of amino acids
would yield hydrazides, which would be
retained on ion-exchange chromatography
during isolation of the hydrolysis products.
Since we recovered nearly all of the radioac-
tive prenylated material in the neutral amino
acid fraction, most, if not all, of the proteins
have a free terminal carboxyl group. Thus
CHO cells either do not require esterifica-
tion capability or we have isolated incom-
pletely processed prenylated proteins.

Perhaps the function of the prenyl group
of these cytosolically synthesized proteins is
to anchor them in membranes; Hancock et
al. (2) have shown that palmitoylation, al-
though not essential for activity, does en-
hance the binding. Furthermore, the Cy
diterpene can be looked upon as a Cie
straight chain with four side chain methyl
groups and thus is similar to the 16 carbon
atoms of the palmitoyl group.
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Identification of Geranylgeranyl-Modified Proteins in

HeLa Cells

CHRISTOPHER C. FARNSWORTH, MICHAEL H. GELB,*

JouN A. GLOMSET*

Previous studies have shown that animal cells contain isoprenoid-modified proteins
and that one of these proteins, lamin B, contains a thioether-linked farnesyl group that
is attached to cysteine. In the present study, a novel isoprenoid-modification was
identified by labeling HeLa cells with [*’H]mevalonic acid and analyzing proteolytic
digests of the total cell protein. Radioactive fragments were purified from these digests
and treated with Raney nickel. The released, labeled material was analyzed by gas-
liquid chromatography (GC) and mass spectrometry (MS). This approach revealed
that an all-trans geranylgeranyl group was a major isoprenoid modification.

TUDIES OF Swiss 3T3 CELLS THAT

were labeled with [*H]mevalonic acid

provided the first evidence that ani-
mal cells contain proteins that are posttrans-
lationally modified by isoprenoid groups.
Several radioactive proteins were observed,
and proteolytic hydrolysates of the total cell
protein were shown to contain labeled frag-
ments that had apparent molecular weights
of 1000 and 500 daltons (). This result
suggested that different proteins in animal
cells may be modified by different isopre-
noid groups. Following these early observa-
tions, isoprenoid-modified proteins were
detected in many other cell types (2). Fur-
thermore, proteolytic fragments of HeLa
cell proteins were prepared that resembled
those derived from Swiss 3T3 cell proteins;
one of the labeled proteins from HeLa cells
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was identified as lamin B (3) and was shown
to contain a cysteinyl thioether-linked farne-
syl group (4). Proteolytic digests of lamin B
only yielded radioactive fragments that cor-
responded to the 500-dalton fragments of
HeLa cell total proteins. Therefore, the
identity of the isoprenoid modification in
the 1000-dalton fragments was left unre-
solved.

To address this question we labeled HeLa
cells with [*H]mevalonic acid, extensively
digested the total cell protein with prote-
ases, and subfractioned the digests by anion
exchange chromatography and gel filtration
on Sephadex LH-20. Two peaks of radioac-
tive material, termed peaks A and B, were
obtained, and their contents were pooled
into separate fractions (Fig. 1). The radioac-
tive material was initially only slightly solu-
ble in pentane, but became pentane-extract-
able following treatment of the fractions
with Raney nickel (Table 1). In contrast,
little or no additional radioactive material
became pentane-soluble following treatment
with methanolic KOH. This suggested that
the radioactive material was linked to the
protein fragments through thioether bonds.

The radioactive material that was released

into pentane was analyzed by radiometric
GC. A major peak of radioactive material
derived from peak A eluted with a retention
time of 44.0 min, which was identical to
that of all-trans 2,6,10,14-tetramethyl-
2,6,10,14-hexadecatetraene (compare A and
C in Fig. 2). The major radioactive peak
derived from peak B eluted significantly
earlier, in the position of all-trans 2,6,10-
trimethyl-2,6,10-dodecatriene (4). Parallel
samples of the peak A—derived material that
had been hydrogenated over platinum yield-
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Fig. 1. Size-exclusion chromatography of proteo-
lytic hydrolysates of HeLa cell total proteins on
Sephadex LH-20. Cells were labeled for 36 hours
with [5-*H]mevalonic acid in the presence of 30
wM mevinolin, harvested, washed with phos-
phate-buffered saline, and extracted with lipid
solvents. Cell pellets were then successively digest-
ed with proteases, and labeled digestion products
were concentrated and purified by step elution
from DEAE Sephacel. The eluted material was
then passed through Sephadex LH-20 in 20%
formic acid in ethanol at a flow rate of 0.25
ml/min, and 1.0-ml fractions were collected (4).
Peak A, which corresponded to 1000-dalton ma-
terial, contained 74% of the recovered label. Peak
B, which corresponded to 500-dalton material,
contained 22% of the recovered label. Recovery
of the total applied label was 78%. Comparable
chromatograms were obtained in six separate
experiments.
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