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Labeling of vaccinia virus-infected cells with [3H]myristic acid resulted in the incorporation of label into two
viral proteins with apparent molecular weights of 35,000 and 25,000 (designated M35 and M25, respectively).
M35 and M25 were expressed in infected cells after the onset of viral DNA replication, and both proteins were
present in purified intracellular virus particles. Virion localization experiments determined M25 to be a

constituent of the virion envelope, while M35 appeared to be peripherally associated with the virion core. M35
and M25 labeled by [3H]myristic acid were stable to treatment with neutral hydroxylamine, suggesting an

amide-linked acylation of the proteins. Chromatographic identification of the protein-bound fatty acid moieties
liberated after acid methanolysis of M25, isolated from infected cells labeled during a 4-h pulse, resulted in the
recovery of 25% of the protein-bound fatty acid as myristate-associated label and 75% as palmitate, indicating
that interconversion of myristate to palmitate had occurred during the labeling period. Similar analyses of M25
and M35, isolated from infected cells labeled during a 0.5-h pulse, determined that 46 and 43%, respectively,
of the protein-bound label had been elongated to palmitate even during this brief labeling period. In contrast,
M25 and M35 isolated from purffied intracellular virions labeled continuously during 24 h of growth contained
75 and 70%, respectively, myristate-associated label, suggesting greater stability of these proteins or a favored
interaction of the proteins containing myristate with the maturing or intracellular virion.

The covalent attachment of fatty acid residues to nascent
polypeptides has become widely recognized as an important,
and in some cases essential, protein modification reaction
which occurs in eucaryotic organisms (28; for a review, see

references 29, 33, and 41). Although the functional signifi-
cance of this type of protein modification is not clearly
understood, the attachment of the acyl prosthetic groups is
likely to influence the structure, activity, and possibly the
subcellular localization of the acceptor proteins (29, 33, 41).
Several different fatty acid moieties have thus far been found
attached to proteins, including palmitic acid (for a review,
see references 29 and 33), myristic acid (1, 6, 8, 9, 11, 15, 17,
20-24, 26, 34, 35, 37), and, to a lesser extent, stearic acid,
linoleic acid, and oleic acid (33). In the more common

palmitation and myristylation modifications, distinct differ-
ences exist with regard to how the acyl groups are attached
to proteins, which amino acids are modified, and where the
modified proteins are targeted. For example, palmitic acid is
posttranslationally added via an ester or thioester bond to
internal threonine or cysteine residues of proteins which are

primarily destined to be membrane associated (16-19, 21,
22). In contrast, myristylation of proteins occurs cotransla-
tionally via an amide linkage to the N-terminal glycine
residue of acceptor proteins which may or may not be
membrane associated (21, 23, 33, 41). Little is known about
what protein structural or sequence parameters influence the
selection of acylation sites or determine which fatty acid will
be added. In order to address these questions and to study
what role protein acylation may play in the regulation of
gene expression, the use of viral systems which are amena-

ble to directed genetic manipulations would seem to offer an
attractive experimental approach.

Acylated viral proteins have been reported, identified, and
studied in several different families of RNA viruses, includ-
ing the Togaviridae, the Retroviridae, and the Picornaviri-

* Corresponding author.
t Oregon Agricultural Experiment Station technical paper no.

8823.

dae (30, 32, 33, 41). In sharp contrast, little is known about
the status of fatty acid acylation reactions during the repli-
cative cycles of some of the large DNA viruses, such as the
Poxviridae. With regard to vaccinia virus (VV), which is the
prototype of the Poxviridae, a single major palmitated pro-
tein (P37) has thus far been reported (12). The status of other
types of potential acylation modifications on VV-encoded
proteins has not been investigated. The function of the P37
protein is unknown, but it is found in the envelope of
extracellular but not intracellular virus particles and has
been suggested to be nonessential for virus replication in
tissue culture cells (12, 13). Since VV completes its replica-
tive cycle within the cytoplasm of infected cells and has
already been shown to encode many of the cis- and trans-
acting factors necessary to modulate the expression of its
genetic program (36), this virus provides an excellent model
system for studying transcriptional and translational regula-
tory mechanisms. Therefore, as part of an effort to begin to
elucidate the various posttranslational regulatory strategies
which may be used by VV (and perhaps the host cell), a

study was undertaken to characterize the nature, specificity,
and extent of fatty acid acylation of VV proteins.
We report here that myristic acid (as well as palmitic acid)

is covalently linked to two VV proteins (Mr -25,000 and
-35,000) by a hydroxylamine-resistant (i.e., presumably
amide) linkage. Both proteins are expressed at late times
during the virus replicative cycle and are present in purified
intracellular virus particles. We also confirmed and extended
the previous observations with regard to P37 (12) by identi-
fying the attached acyl group and exploring the nature of its
protein linkage. Experiments were carried out to examine
the synthesis, maturation, and subvirion localization of the
VV acyl proteins. The results obtained are discussed in the
context of the potential biological roles of these modified
proteins during the viral replicative cycle.

MATERIALS AND METHODS

Cells, virus, and labeling conditions. The WR strain of VV
was grown in monolayers of BSC40 (African green monkey)
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cells maintained in Eagle minimal essential medium with
Earle salts (MEM-E) supplemented with 10% heat-inacti-
vated fetal calf serum, 2 mM L-glutamine, and 10 F.g of
gentamycin sulfate per ml as previously described (14).
For pulse-labeling experiments, BSC40 cell monolayers

(60-mm dishes) infected with VV (20 PFU/cell) were incu-
bated in MEM-E (1/10 the normal methionine concentration
was used when [35S]methionine was used for labeling) con-
taining 5% delipidated fetal calf serum (7), L-glutamine (2
mM), and either L-[35S]methionine (25 ljCi/ml, 1,129 Ci/
mmol; New England Nuclear Corp.), [9,10-3H]myristic acid
(250 pLCi/ml, 22.4 Ci/mmol; New England Nuclear), or
[9,10-3H]palmitic acid (250 pLCi/ml, 60 Ci/mmol; New En-
gland Nuclear) at 37°C for the times specified in each
experiment. At the end of the labeling period, the medium
was removed, and the cell monolayer was washed three
times with ice-cold phosphate-buffered saline and lysed in
gel sample buffer (68 mM Tris hydrochloride [pH 6.8], 2%
sodium dodecyl sulfate [SDS], 10 mM dithiothreitol contain-
ing 10% glycerol and 0.1% bromophenol blue). DNA was
sheared by repeated pipetting through a 22-gauge needle,
and lysates were boiled for 3 to 5 min prior to analysis on
SDS-polyacrylamide gels.

Radiolabeled virus was isolated from two 150-mm dishes
of BSC40 cells infected with 10 PFU of virus per cell and
incubated in the presence of either L-[35S]methionine (12.5
paCi/ml), [3H]myristic acid (125 pLCi/ml), or [3H]palmitic acid
(125 V.Ci/ml) for 24 h at 37°C and purified by sucrose gradient
sedimentation as described previously (14).

Separation of viral envelope and core fractions. Purified
radiolabeled virions were separated into Nonidet P-40 (NP-
40)-soluble (envelope) and NP-40-insoluble (core) fractions
as described previously (42). SDS-polyacrylamide gel elec-
trophoresis and fluorography were used to analyze the
protein composition of both fractions of each labeled virus
preparation.

Gel electrophoresis and protein isolation. Radiolabeled
proteins were analyzed on 10% polyacrylamide slab gels
containing SDS (39). The gels were then impregnated with
2,5-diphenyloxazole and fluorographed at -70°C on Kodak
XAR-5 film (5).
To isolate individual protein species, radiolabeled proteins

were separated by SDS-polyacrylamide gel electrophoresis,
and the region of the gel that contained the 3H-labeled acyl
protein was located by interpolation from adjoining lanes
that contained [35S]methionine-labeled virion proteins. The
labeled proteins were recovered from the excised gel strip by
electrodialysis in a volatile buffer system (3).

Analysis of protein-bound fatty acid. For hydroxylamine
treatment of labeled proteins following SDS-polyacrylamide
gel electrophoresis, duplicate sets of protein extracts were
separated on a 10% polyacrylamide gel, and the gel was cut
in half and soaked in either 1.0 M hydroxylamine (pH 7.0) or
1.0 M Tris hydrochloride (pH 7.0) for 2 h at room tempera-
ture (18, 22). Gels were then fluorographed as described
above.

Identification of protein-bound lipids was carried out
essentially as described previously (22). Briefly, individual
3H-labeled VV acyl proteins were subjected to acid metha-
nolysis as follows. Labeled protein (20 p.l) was treated with
1 ml of 2 N HCI-83% methanol in vacuo at 95°C for 60 h. The
reaction products were extracted three times with 1 ml of
petroleum ether at 4°C. The combined ether extracts were
evaporated to dryness under a stream of nitrogen and
redissolved in 150 p.l of high-pressure liquid chromatography
(HPLC)-grade methanol containing 6.25 mg each of myristic
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FIG. 1. SDS-polyacrylamide gel electrophoresis of metabolically
labeled proteins. Uninfected (UI) and vaccinia virus-infected cell
monolayers were labeled with [35S]methionine (Met), [3H]myristic
acid (Myr), or [3H]palmitic acid (Pal) at early (E, 0.5 to 2.5 h) or late
(L, 4 to 8 h) times after infection. Purified intracellular virus (VV)
was prepared from infected cells labeled continuously for 24 h after
infection. Labeled proteins from total-cell lysates and purified
intracellular virions were separated by SDS-polyacrylamide gel
electrophoresis on a 10% polyacrylamide gel and visualized by
fluorography. Arrows indicate the positions of the major protein
labeled with [3H]palmitic acid (P37) and the major (M25) and minor
(M35) proteins labeled with [3H]myristic acid. Radioactive molecu-
lar size markers (MW) are phosphorylase B (97.4 kilodaltons [kDa]),
bovine serum albumin (68 kDa), ovalbumin (43 kDa), and a-
chymotrypsin (25.7 kDa).

acid, palmitic acid, myristic acid methyl ester, and palmitic
acid methyl ester (Sigma Chemical Co.) per ml as standards.
The ether-extractable radioactivity recovered after acid
methanolysis was separated and identified by reverse-phase
HPLC with a ,uBondapak C18 column (3.9 mm by 30 cm;
Waters Associates) eluted isocratically with 80% acetonitrile
as the mobile phase at a flow rate of 1.0 ml/min. Fractions
eluting from the column were collected in 0.5-min intervals
and counted in 3 ml of 3a70 scintillation fluor (Research
Products International, Inc.). The absorbance elution profile
(A254) of the internal standards was compared with the
elution of labeled species to identify each lipid.

RESULTS

Acylated proteins of VV. In order to identify VV acyl
proteins, uninfected or VV-infected BSC40 cells were pulse-
labeled with either [35S]methionine, [3H]palmitic acid, or
[3H]myristic acid at early (0.5 to 2.5 h) or late (4 to 8 h) times
postinfection, and total-cell lysates were prepared. Simi-
larly, intracellular virus particles were purified from infected
cells labeled continuously for 24 h. The pattern of proteins
which were labeled with the fatty acids was examined by
electrophoresis on 10% polyacrylamide gels, followed by
fluorography. Equivalent amounts of fatty acid-abeled ex-
tracts were analyzed along with 0.02% of the amount of
[35S]methionine-labeled extracts. The radiolabeled palmitate
and myristate were incorporated into distinct sets of proteins
which comigrated with methionine-labeled polypeptides
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from VV-infected cell lysates (Fig. 1). The protein which
was most highly labeled with palmitate had an apparent Mr
of -37,000 (designated protein P37). P37 has been reported
previously by other investigators to be the major antigen
present on the envelope of extracellular VV particles, but
absent from intracellular virus particles (12). P37 has been
included in this study as a control and to extend the
information known about the nature of the fatty acid moiety
and its linkage to this acyl protein. The protein which was
most highly labeled with myristate had an apparent Mr of
-25,000 (designated M25) and did not comigrate electro-
phoretically with any of the palmitate-labeled VV proteins.
In addition to M25, a minor myristate-labeled protein of Mr
-35,000 (designated M35) was also detected. In some ex-
tracts, an additional minor myristate-labeled protein was
seen that had a slightly slower electrophoretic mobility than
M35 and appeared to comigrate with P37. The relative
amounts of the two species varied from almost equivalent
(lane Myr/L) to exclusively the faster-migrating M35 (lane
VV/Myr). It is unclear at this time whether the myristate-
labeled polypeptide which comigrated with P37 is a myristy-
lated protein distinct from M35, a modified form of M35, or
perhaps P37 which has become labeled by metabolic inter-
conversion of the myristate label.
The data shown in Fig. 1 also established that the myris-

tate-labeled proteins M25 and M35 were present in purified
intracellular VV particles (lane VV/Myr). None of the pro-
teins observed in infected cells labeled with palmitate were
detected in an equivalent amount of protein from purified
intracellular virus particles (lane VV/Pal). Other investiga-
tors have demonstrated that the major palmitate-labeled
protein, P37, was present in extracellular virus particles (but
not intracellular virus particles) and that the gene encoding
this protein maps within the viral genome (12, 13). Although
the major myristate- and palmitate-labeled proteins differed
in their apparent Mr and presence in or absence from
intracellular virus particles, both sets of labeled proteins
belonged to the late temporal class of virus gene products,
since they were expressed in infected cells at times after the
onset of viral DNA replication. Little or no evidence of these
proteins was observed when pulse-labeling with the fatty
acids was performed at early times during infection (lanes
Myr/E and Pal/E). This kinetic class was assigned to P37 in
the characterization of this protein described previously
(12).
The subvirion location of M35 and M25 was investigated

by experiments in which purified [35S]methionine- or
[3H]myristic acid-labeled intracellular virus particles were
treated with 0.5% NP-40 and 50 mM dithiothreitol and then
separated into viral envelope (detergent soluble) and core
(detergent insoluble) fractions prior to SDS-polyacrylamide
gel electrophoresis and fluorography. M25 was present en-
tirely in the NP-40-soluble fraction, suggesting that it resides
within the virus envelope, while the majority of M35 was
seen in the NP-40-insoluble fraction, with a lesser amount in
the envelope fraction, indicating a peripheral or weak asso-
ciation of M35 with the virion core (data not shown). The
biological function of the major (M25) and minor (M35)
proteins labeled with myristate has not yet been determined.
The covalent attachment of myristate and palmitate to the

proteins was investigated by experiments in which fatty
acid-labeled cell extracts were delipidated by extraction with
chloroform-methanol (2:1) prior to SDS-polyacrylamide gel
electrophoresis. The pattern of labeled proteins was unaf-
fected by this treatment except that the non-protein-bound
radioacti-e lipid which migrated to the dye front during
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FIG. 2. Sensitivity of acylated proteins to hydroxylamine. Vac-
cinia virus-infected cell monolayers were labeled with [3H]myristic
acid (Myr) or [3H]palmitic acid (Pal) at late (4 to 8 h) times after
infection. Purified intracellular virus (Met) was prepared from
infected cells labeled continuously with [35S]methionine for 24 h
after infection. After separation of labeled proteins by SDS-poly-
acrylamide gel electrophoresis on a 10% gel, the gel was cut in half
and treated for 2 h at room temperature with either 1 M Tris
hydrochloride (pH 7.0) or 1 M hydroxylamine (pH 7.0), after which
they were treated for fluorography. Arrows indicate the positions of
the major protein labeled with [3H]palmitic acid (P37) and the major
(M25) and minor (M35) proteins labeled with [3H]myristic acid.
Radioactive molecular size markers (MW) are phosphorylase B
(97.4 kDa), bovine serum albumin (68 kDa), ovalbumin (43 kDa),
carbonic anhydrase (29 kDa), 3-lactoglobulin (18.4 kDa), lysozyme
(14.3 kDa).

electrophoresis was absent after treatment (data not shown).
The possibility that the fatty acids are metabolically inter-
converted cannot be ruled out from these experiments.
However, the specificity of fatty acid labeling of these
proteins appears to minimize the possibility that the fatty
acid labeling of the proteins was due solely to metabolic
conversion of fatty acids to amino acids which were reincor-
porated into protein. Likewise, the fatty acid-labeling pro-
files were substantially distinct from each other and from
those of proteins labeled with methionine.

Analysis of protein-bound fatty acids. Fatty acids have
been shown to be attached to proteins via both ester and
amide linkages, and in general, some fatty acyl chain spec-
ificity of protein-lipid linkages has been observed. The
linkage of the palmitic acid moiety to the majority of acyl
proteins studied has been identified as an ester or highly
reactive thioester bond from its lability to alkaline methanol-
ysis and sensitivity to the nucleophile hydroxylamine (4, 16,
19, 22, 43). In contrast, the bond through which myristate is
linked to proteins is resistant to treatment with hydroxy-
lamine and alkaline methanolysis, suggesting amide linkage
of this fatty acid to the acyl protein (22). In order to
investigate the nature of the fatty acid linkage to P37, M25,
and M35, the sensitivity of the myristate- and palmitate-
labeled proteins to cleavage by hydroxylamine was exam-
ined. As shown in Fig. 2, treatment of the proteins with
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FIG. 3. Analysis of fatty acids. (A) HPLC of unlabeled fatty acid and fatty acid methyl ester standards and labeled fatty acid standards.

HPLC separations were performed as described in Materials and Methods. The elution of radioactivity after chromatography of [3H]myristic
acid (solid bars) or [3H]palmitic acid (stippled bars) is superimposed on a tracing of the absorbance elution profile of internal fatty acid and

fatty acid methyl ester standards (M, myristic acid; P, palmitic acid; MM, myristic acid methyl ester; and MP, palmitic acid methyl ester).

(B) HPLC of labeled protein-bound fatty acids. Purified labeled proteins were subjected to acid methanolysis, and the released fatty acids and

fatty acid methyl esters were separated by HPLC as described in Materials and Methods. The distribution of radioactivity is compared with

the elution of fatty acid and fatty acid methyl ester internal standards (see above) to identify the radioactive acid methanolysis products. Top

panel, Fatty acids released from gel-isolated P37 (infected cells); center panel, fatty acids released from gel-isolated M25 (virion) protein;
bottom panel, fatty acids released from gel-isolated M35 (virion) protein.

hydroxylamine resulted in the removal of label from the

palmitate-labeled proteins, but did not substantially alter the

myristate or methionine labeling patterns. The release of the

palmitate-bound label from P37 by this treatment is consis-

tent with an ester or thioester linkage of the palmitate to the

protein. Conversely, the stability of the protein-bound my-

ristate label to hydroxylamine suggests that the fatty acid

linked to these proteins (M25 and M35) is attached via an

amide bond. However, this type of experiment still does not

rule out labeling of the proteins by metabolic interconversion

of the labeled fatty acids into the amino acid pool.
To determine whether the label associated with the pro-

teins was present as fatty acid rather than lipid metabolites,

and to identify the moiety covalently bound to the proteins,
individual fatty acid-labeled proteins were isolated by SDS-

polyacrylamide gel electrophoresis as described in Materials

and Methods. The identity and purity of the recovered

proteins were confirmed by gel electrophoresis (data not

shown). The chromatographic separation of unlabeled fatty
acid and fatty acid methyl ester standards which were

cochromatographed with the labeled fatty acids ([PHipal-
mitic acid and [3H]myristic acid) used for labeling in these

studies is shown in Fig. 3A. From these data it can be seen

that the fatty acid (myristic acid [M] and palmitic acid [PI)
and fatty acid methyl ester (myristic acid methyl ester [MM]

and palmitic acid methyl ester [MP]) standards were well

separated by this chromatographic system into peaks (A254)
which eluted at 5.2 (M), 7.4 (P), 9.5 (MM), and 15.5 (MP)

min. The purity of the [3H]palmitic acid and [3H]myristic
acid used for labeling in these studies was also demonstrated

by the coelution of the labeled fatty acids with the peak of

absorbance for either myristic acid or palmitic acid stan-

dards.

In the experiment shown in Fig. 3B, M25 and M35 (from

myristate-labeled purified intracellular virus particles) and

P37 (from virus-infected cell lysates labeled with palmitic
acid from 4 to 8 h postinfection) were isolated and then

subjected to acid methanolysis followed by ether extraction

as described in Materials and Methods, and the liberated

fatty acids were identified after separation by reverse-phase
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TABLE 1. Fatty acid composition of acylated proteins'

% of total protein-bound
Protein source Radioactivity as fatty acid'
and protein fatty acid (%)b

Myristate Palmitate

Virion (24-h pulse)
M25 72 75 25
M35 60 70 30

Infected cells
4-h pulse
P37 96 2 98
M25 92 25 75

30-min pulse
M25 99 54 46
M35 97 57 43

"The composition of the isolated, labeled protein-bound fatty acids was
determined after acid methanolysis followed by HPLC.

b The percentage of the total radioactivity recovered that coeluted with the
fatty acid and fatty acid methyl ester standards upon separation by HPLC.

c The percentage of the total protein-bound radioactivity that coeluted with
either myristic acid and myristic acid methyl ester (myristate) or palmitic acid
and palmitic acid methyl ester (palmitate) standards upon separation by
HPLC.

HPLC. In each case, an unidentified peak of radioactivity
eluted early in the chromatography (fraction 7, 3.2 min) that
was minor in some instances (top panel) and considerable in
others (center and bottom panels). The magnitude of this
peak correlated directly with the length of the labeling
period, suggesting that this peak represents amino acids or
other metabolites which had become labeled by interconver-
sion of the radioactive fatty acids during long labeling
periods. When either unlabeled (20 amino acids) or labeled
amino acids, [3H]lysine or [35S]methionine, were subjected
to the same chromatographic analysis, greater than 97% of
the peak of either absorbance or radioactivity eluted at 3.2
min (in fractions 7 and 8), corroborating the suspected
identity of this peak (data not shown). Acid methanolysis of
the palmitate-labeled protein P37 resulted in the recovery of
palmitic acid and methyl palmitate (top panel). Essentially
no myristic acid or methyl myristate was detected, and less
than 5% of the label associated with the protein existed as
labeled amino acids (Fig. 3B and Table 1). The majority (70
to 75%) of the labeled lipid bound to M25 and M35 (isolated
from purified intracellular virus particles) was found to exist
as myristate moieties (Fig. 3B and Table 1). These analyses
indicate some elongation of myristate to palmitate during the
prolonged labeling period (24 h), as well as substantial
interconversion of the label into amino acids (28 to 40%). In
an effort to circumvent the extensive metabolysis of the
labeled myristate during prolonged labeling periods, M25
was isolated from infected cells that had been labeled with
[3H]myristic acid during a 4-h pulse (from 4 to 8 h postin-
fection). Analysis of the M25-bound radioactive species by
HPLC after acid methanolysis revealed very little conver-
sion of label into the amino acid component of the protein (4
to 8%) (Table 1). Strikingly, 75% of the acyl groups bound to
M25 had been elongated from myristate to palmitate during
the 4-h pulse-labeling period. Reduction of the pulse-labeling
period to 30 min (6 to 6.5 h postinfection) still resulted in
conversion of 43 to 46% of the labeled myristic acid to
palmitic acid when the fatty acid content of M35 and M25
(isolated from infected cells) was analyzed (Table 1).

DISCUSSION
Fatty acid acylation has been reported for a variety of viral

and cellular proteins; however, the specificity of this modi-

fication and the function of the attachment of fatty acids to
these proteins are only beginning to be examined. The
present study demonstrates that at least two types of fatty
acylation reactions (palmitylation and myristylation) occur
on distinct late protein species of VV. Two intracellular
virion-associated proteins, designated M35 and M25, were
found to contain primarily myristic acid. However, analysis
of the fatty acid content of M25 and M35 isolated from
infected cells revealed significant interconversion of myristic
acid to palmitic acid, the amount depending on the length of
the labeling period. The finding that fatty acids are readily
converted to their longer-chain derivatives has been noted
before by Schmidt (31), and the metabolic fate of myristic
acid has been shown to differ in different cells (22). Whether
the myristic acid is metabolized before or after it is utilized
as the acyl donor, whether myristic acid and palmitic acid
are attached to the same or different acceptor sites, and what
role the host cell plays with respect to the interconversion
have not yet been determined for M25 and M35. However,
since N-myristyl transferase has been shown to be highly
specific for myristate, this implies that elongation of myris-
tate to palmitate is most likely occurring after protein
acylation. There have been previous reports of protein-
bound palmitate present in an amide linkage (40). The
observation that normal cellular enzymes are fatty acylated
indicates that acylation can be performed by cellular en-
zymes; however, there is still the possibility of participation
by viral enzymes or regulatory factors. In contrast, the
palmitate-labeled protein isolated from infected cells, P37,
was demonstrated to contain almost exclusively palmitic
acid bound by a hydroxylamine-sensitive, presumably
thioester linkage. The labeled fatty acids bound to M25 and
M35 were resistant to treatment with hydroxylamine, sug-
gesting that they are attached to the proteins by an amide
bond. With respect to the linkage of the lipid to M25 and
M35, the fatty acid could be attached to the N-terminal
amino acid of the protein or to the E-NH2 group of a lysine
residue. In most instances of myristylation of viral proteins,
the fatty acid has been attached to an N-terminal glycine
residue (8, 24). Further studies will be needed to identify the
residue(s) modified by the lipids in M35 and M25.

Several features involved in characterizing and identifying
M25 and M35 should be noted. Both M25 and M35, like P37,
can be provisionally classified as late proteins, in that they
are expressed in cells after the onset of viral DNA replica-
tion. They appear to be relatively abundant proteins. Pre-
suming that, as usual, myristylation occurs at only 1 mol per
mol of protein and considering the low specific activity of the
[3H]myristic acid (22.4 Ci/mmol) used in these experiments,
fluorography had to be done for only 2 to 3 days to visualize
the labeled viral proteins. Again assuming one fatty acylated
residue per protein, M25 was much more abundant or stable
than M35. Both myristylated proteins were associated with
the mature intracellular virus particle and were present in
proportions similar to those seen in infected cells. In the
cells commonly used for the propagation of VV, most of the
progeny virus remain cell associated (intracellular virus),
and only small amounts of antigenically distinct virus are

naturally released from the cell (extracellular virus) (2). Both
intracellular and extracellular viruses are infectious, but they
differ markedly in their mode of adsorption and penetration
in cell cultures (25). It will be of interest to determine
whether M25 and M35 are present in purified extracellular
virus particles or their destination is intracellular virus
specifically. In contrast, distinct subvirion locations have
been observed for each protein; M25 is released by NP-40
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with the virion envelope, whereas M35 remains associated
with the virion core, although somewhat loosely.
The finding that M35 and M25 are myristylated raises the

question of the functional significance of the modification. A
scaffolding role for the formation of virus particles has been
proposed for the myristylated VP2 proteins of simian virus
40 and polyomaviruses (38) and for the myristylated VP4
proteins of the picornaviruses (8, 24). Mutations in either
these proteins or in the glycine acceptor residue have
resulted in either poor replication (10) or immature, nonin-
fectious particles (27). It has also been suggested that
myristate could be important in the early stages of infection,
during the adsorption and penetration of virus particles into
the cell, by directing the modified protein to the cell or

vesicle membrane, where it could function in the passage of
the virus across the membrane (8). In view of the differences
observed in this regard between intracellular and extracellu-
lar VV noted above, this might provide a clue toward a

possible biological function of the modification of one or

both of these proteins. Directed genetic studies will be
necessary to clarify the exact function of the myristate
moiety of M35 and M25 of VV. To that end, genomic and
peptide mapping procedures are currently in progress.
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