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L. Introduction

Many proteins are modified during or after their
synthesis. Some of these modifications have been known

Abbreviations: VSV, vesicular stomatitis virus; SFV, Semliki Forest
Virus; ER, endoplasmic reticulum; PAT, protein fatty acyltransferase:
NMT., N-myristoyltransferase.

Correspondence: M.F.G. Schmidt, Kuwait University, Faculty of
Medicine, P.O. Box 24923 /Code 13110 Safat, Kuwait, Arabian Gulf.

for many years, as for instance glycosylation, phospho-
rylation and proteolytic cleavage of precursor poly-
peptides. These examples have been extensively covered
in a number of review articles and in biochemical
textbooks over the years.

Another type of protein modification discovered more
recently is the covalent attachment of lipid molecules
like pho: gl olipid, diacylglycerol and various species of
long chain faity acids. Such binding of lipid mclecules
is expected to change the physical properties of the
tespective eatity quite dramatically, because largely hy-
drophilic residues are converted into very hydrophobic

0167-4157/89,/$03.50 © 1989 Elsevier Science Publishers B.V. (Biomedical Division)
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Fig. 1. Schematic diagram of hydrophobic modlf cations of proteins:
paimitoylation, inyristoylation and glypiation. Cys, cysteine; Gly,
glycine; CHO, carbohydrate; Eth-NH,, ethanolamine. Threonine has
been identified as the palmitoylation site in one case only, with bovine
brain myelin proteolipid apoprolem [90]). All other palmitate linkage
sites chemically identified are cy (compare Table II).

ones. This will, of course influence the interactions
between such modified proteins and other molecules
present in their vicinity, be it other proteins, lipids or
even nucleic acid. Likewise, intermolecular processes
may be influenced, such as oligomerisation of poly-
peptides during biosynthesis or the co-operativity be-
tween subunits of a multimeric protein.

The present review aims at summarizing develop-
ments in the field of hydrophobic modifications of
proteins since their discovery. Special emphasis will be
placed on the acylation of viral and eukaryotic poly-
peptides with long chain fatty acids. This modification
yields what could e regarded as a new class of pro-
teins, which by analogy with glyco- or phosphoproteins,
I suggest by termed ‘acylproteins’. Two types of
acylprotein are presently distinguished in the literature,
those which contain exclusively the fourteen carbon
myristic acid (tetradecanoic acid) in an amide-linkage,
and those whict are predominantly modified with
palmitic-, stearic- and oleic acid (hexa- and oc-
tadecanoic acids) in ester- or thioester-type linkages.
The various biochemical and cell biological aspects of
palmitoylation and myristoylation will be discussed.

Another hydrophobic modification of proteins, the
covalent attachment of a glycolipid tail to some mem-
brane proteins (glypiaticn), will not be described here.
Current reviews cover this area, which the reader is
referred to [1-4). Fig. 1 presents a schematic represcnta-
tion of the above-mentioned hydrophobic modifications
of proteins.

11. Ester-type palmitoylation

Even before the term palmitoylation became widely
used in the literature, a few protein species had been

previously identified that contained fatty acids as part
of their covalent structure. These were the proteolipid
apoprotein isolated from the myelin membrane, which
is also termed lipophilin {5.6], the proteolipid compo-
nent of preparations of the sarcoplasmic Ca?*/Mg?*-
ATPase [7] and the bacterial lipoproteins (8,9]. The fatty
acid species in these above-mentioned proteins more or
less reflected the acyl patterns of the lipias of the
membrare from which they had been isolated. In all
these ca'.s palmitic-, stearic- and oleic acid were the
predomiaant acyl species. Although these proieins, due
to their solubility in organic solvents, had initially been
termed proteolipids, they can be classified as true
acylproteins because of their covalently bound fatty
acid residues. It should be mentioned that some other
proteolipid species have been described. Despite their
lack of any covalently bound fatty acid, these are solu-
ble in organic solvents, but insoluble in water [10].

I1-A. Identification of palmitoylated proteins of viral and
cellular origin

At the time unaware of the above-mentioned acylated
proteolipids, Schmidt and Schlesinger {11,12] observed
that typical membrane glycoproteins can be labeled
with tritiated long chain fatty acids. Although viral
membrane glycoproteins were utilized initially, the same
authors reported that fatty acylation also occurred with
proteins of non-infected cells (13). The first cellular
membrane glycoprotein to be identified as fatty acyla-
tion was the transferrin receptor [14). Many other species
of acylproteins of viral or cellular origin with covalently
bound fatty acids were subsequently identified (Table
I.

In most of the proteins listed in Table 1 acylation
was detected after labeling the protein with {*H]palmitic
acid in the appropriate system followed by identifi-
cation via immunoprecipitation, PAGE-analysis, chro-
matographic procedures, or combinations thereof. Al-
though not examined in all acylproteins listed, in nearly
all cases in which labeled fatty acids were analysed,
palmitic acid was found to represent the major species
bound to the acylprotein with stearic- and oleic acid
comprising thz balance of total radioactive fatty acid
recovered from the protein under study. The same se-
sults have also been reported from analysis of acyl
chains released from non-labeled acylproteins purified
in large scale (for references refer to Table I). It should
be noted that proteins modified by a glycolipid will
incorporate *H-labeled fatty acids during metabolic
labeling, just like the acylproteins. In order to differen-
tiate such glypiated proteins from acylproteins, labeling
with [*H]ethanolamine or [*HJinositol should be ap-
plied. Only if such label is incorporated, is the protein
most likely glypiated [3,4].
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TABLE [ (continued)

Protein species Origin of protein Ref.

Protein species Origin of protein Ref. Viral structural acylproteins
Cellular acylproteins G-protein rhabd.ovimses (V§v) 1n

Transferrin receptor human leukemic T-ce!ls 14 ELE2 logawmsa (Sif'dbis‘ SFV) 11,63
Acetyolcholine receptor *  muscle cell line 15 HA. HA, avian/hunian influenza 63
Insulin receptor * human lymphocytes 16.17 HA o f?“:v";s‘; virus "
Insulin like growth (IM-9). Hep G2 HEF 1. HEF Il influenza C virus .

factor I - teceptor Hep G2, MDCK. 18 F,. Fy Newcastle disease viruses 63
IgE receptor leukemic T-cells 19 F. HN mumps virus 64
Rhodopsin bovine retina 2 HN Svs .y 65
lmc:pho(oreocpmr bovine retina 21 g mhc::::::smi 9 :‘;
Na*ch 1 b rat 2
Interleukin-2 receptor human T-cell line (MT-1) pXx] G1.G2 bunya vmssa(lfa Crosse) 67
Sialogp 2.3 and gp3Pr  erythroblasts 2 8p 35 Rous sarcoma virw. 68
HLA B7, DR lymphoblastoid cell line 15 gp 65 spleen focus forming virus 69
HLA-D/invariant chain  various human lymphoma cells 26 P37k vaccinia virus 10
pal p41 transfected cell 27 gE herpes simplex virus type ) 71
Ia alpha and beta mouse spleen cells 28 Viral nan-structural acylproteins
Galactosyltransferase Hela cells 29 Elb 18 kD Adenovirus 12 7n
Golgi mannosidase I1 mouse 3T3 and other cells 30 Elb 19kD Adenovirus 1 73
Cardiac 51 kDa protein ~ mouse 3 T-antigen (large) SV40 74
Mucus glycoprotei blingual salivary gland 32 ras-protein Harvey murine sarcoma virus 75
Mucus glycoproteins gastric mucosal cells 3
TGF-alpha precursors TGF-gene transfected ceils 34 > The fatty acid linhage in these pioteins is panially or iotally
Butyrophilin milk fat globule membrane 35 resistant to treatment with mild alkali or hydroxylamine.

(goat) b Veit. M., Herrler, G. and Schmidt, M.F.G.. unpublished data.
Xanthine oxidase milk fat globule membrane 35
. (goat) .

Dpopin i ety 3 Many of the palmitoylated protcins listed in Table I
PO-protein myelin of peripheral nerve (rat) 37 are glycosylated and represent membrane components
Ca®*-ATPase sarcoplasmic reticulum 7.38 with widely diverse biological functions. Among these
Fibronectin human fibroblasts 38 are polypeptidss which span the membrane once or
:::dy:f“ protein :m gm: :g multiple times. Usually the palmitoylated membrane
Vinculin ® chicken embryo fibroblasts 4142 proteins are oriented with their carboxyterminus to-
Lens membrane proteins  intact occular lens (rat) ') wards the cytoplasmic side of the membrane or homolo-
Ligatin ileal enterocytes (rat) 4 gously towards the inside of the enveloped virus par-
ras-proteins various human cell lines a5 ticles listed. However, reversely oriented proteins may
Apolipoprotcins (ALE) h"(";:p_bégtm cells % also be palmitoylated, eg., the hemagglutinin-
Apolipoprotcin B human LDL 47 neuraminidase protein (HN) of mumps virus and of
Folate binding protein®  human KB-cells 4 paramyxovirus SV5 [64,65] as well as the transferrin
Developmental gps sea urchin embryo 49 receptor [14]. Some of the membrane proteins listea
RAS 1and RAS2 yeast cells 0 occur as monomers [20), others as homo-oligomers
:lm factor zz: fl:: :; 53 [11,63] or as hetero-oligomers. An example for the latter
Membrane glycoproteins 'yeaslcells 54 is the insulin receptor, in which only the S-subunit is
Actin (sub population)  slime mold 55.56 palmitoylated {17,18]. Beside the plasma membrane,
Microtubule-binding Trypanasoma brucei 57 internal membranes may also contain proteins with

protein . covalently linked fatty acid. e.g., the Golgi-located man-
Light harvesting protein® duckweed plant 38 nosidase II and galactosyltransferase [29,30] as well as
Rib 1,5-P,carboxylase ®  duckweed plant 58 th oo . 24
Six proteins Tetrahymena mimbres 50 e proteolipid component of sarcoplasmic Ca**-

(major 22 kDa) ATPase [7,38]. Recent more generalized studies of the
Sutfactant protein alveolar epithelial cells 60 intracellular location of palmitoylated proteins showed

(SAP35) that most of them are membrane bound [76-78). How-
g;';‘::::::‘s;m‘" ::m :’I:zﬂl’s'wl”' g; ever, the phenomenon is more complex in a functional

sense, since a small group of palmitoylated proteins are
secreted by the cells [21,33.34,46.47] and a somewhat
larger group of acylproteins comprises components of
the cellular cytoskeletal elements (39,40,42,55}. Consid-
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ering palmitoylated proteins of viral origin it can be
stated that with the exception of two serotypes of
vesicular stomatitis virus (VSV) [79] and of Sendai virus
[65] (see below) all RNA- and DNA-viruses with a lipid
envelope analysed so far contain ai least one structural
protein with covalently bound palmitic acid. These are
all located in the viral envelope, and except for p 37 k
of vaccinia virus [70), are also glycosylated. It is note-
worthy ihat viral spike proteins with a known low
pH-dependent fusogenic activity are palmitoylated (see
below).

With viral non-structural proteins palmitoylation is
not as common as myristoylation (see below). However,
cells transformed by the non-enveloped viruses Simian
virus 40, adenovirus und with the enveloped Harvey
murine sarcoma virus express carly proteins which be-
come acylated and are located in the plasma membrane
of the infected cells [72-75], where they may play a role
in the process of cell transformation (see subsection
IV-B).

As s apparent from Table 1. palmitoylated
acylproteins are found in organisms of different levels
of complexity. In their evolutionary ra:ige of occurrence
they reach from the fungi Dictyost:lium and yeast,
across the angiosperma (Spirodela of gorrhiza), across
the non-vertebrates (sea urchin) up to the vertebrates,
mammals and human. As mentiones above, viruses
from a variety of hosts as well as prokaryotes contain
acylproteins. The latter group will not be dealt with,
since it has been covered in a recent review by Wu and
Tokunaga [80). Although the list of palmitoylated pro-
teins is extensive at this point, more acylated species
will probably have to be added once the numerous
acylproteins detectable after [*H]palmitoylation in vivo
of various vertebrate cells have been identified
[13.81-83).

11-B. Acyl linkage sites in palmitoyluted proteins

From the carly studies of myclin proteolipid [5.6]) and
of the acylproteins present in the viral envelope
[11,12,63.84), it is clear that fatty acids are bound by
ester-type linkage. since they can be released by mild
alkali and hydroxylamine treatment. Stability studies
utilizing these agents have since been applied routinely
to identify ester-type acylation of most of the viral or
cellular palmitoylated proteins listed in Table 1. How-
ever, direct structural analysis of the palmitate linkage
site proved to be a formidable task. Due to their unusual
and unpredictable properties, peptides with covalently
bound fatty acid moicties derived from palmitoylated
proteins were extremely difficult to purify [12,85]). More
indirect studies, as for instance limited proteolysis
pointed to a location of the fatty acid linkage site close
to the membrane spanning segment of acylated mem-
brane proteins [14,63,85-88). However, despite com-

parative analysis of the stability of the fatty acid linkage
it was initially not even possible. to decide conclusively
between an oxygen- and a thioester linkage of the fatty
acid to serine or cysteine. For instance, fatty acids
linked to Semliki Forest virus (SFV) El-protein were
released with hydroxylamine under the same conditions
which cleaved the acetyl-group from o-acetyl serine,
suggesting an o-ester linkage between fatty acid and El
(89). However, direct structural analysis has recently
revealed a cysteine as «he linkage site, and thus a
thioester linkage between protein and fatty acid (see
below and Ref. 91).

The first direct identification of one of the two
palmitoy] linkage sites present in myelin lipoprotein by
sequence analysis came from Stoffel and co-workers,
who had virtually unlimited supplies of this acylprotein
from bovine brain. Their results showed that fatty acid
is bound to a threonine residue located in the ex-
tracytosolic domain of one of the hydrophilic loops
between two of the five membrane segments of lipo-
philin [90].

A similar protein chemistry approach was also utilized
with three other palmitoylated acylproteins, HLA-D
associated invariant (il) chain, VSV G-protein and SFV
El-protcin. In all three cases palmitic acid was found to
be bound to cysteine in thioester linkage. The fatty
acylated cysteine of the two viral acylproteins was
located on the ‘cyloplasmic’ (internal) face of the lipid
bilayer with SFV-E1 [91) and at the base of the
carboxyterminal cytoplasmic tail with the VSV G-pro-
tein [92] (compare schematic diagram in Fig. 1). Prior to
the biochemical identification of fatty acylation sites,
other authors had turned to recombinant DNA technol-
ogy to locate fatty acids within the primary structure of
acylproteins. Replacement of specific cysteine residues
suspected to represent the linkage site with serine after
site-directed mutagenesis led to a loss of the covalent
attachment of fatty acid during in vivo labeling experi-
ments with the mutated ras-protein {93,94), the ras-like
YPT1 from yeast [51}, VSV G-protein [95]) and the
transferrin receptor [97]. The lack of fatty acylation
clearly indicated an involvement of the mutated cy-
steine residues with fanty acid binding. However, it
corl2 nai be stated with certainty, that those cystecines
were the actual linkage sites. Fortunately, the hypoth-
esized Cys residues in ras [98] and the G-protein [92]
have since been confirmed as fatty acid linkage sites by
direct biochemical methods.

The results of the various analyses of fatty acid
attachment sites in different palmitoylated proteins are
sumimarized in Table 1I. Mainly from comparison of
amino acid sequences around suspected acvlation sites
of the ras family proteins, a consensus sequence for
palmitoylation has been proposed recently [99]. How-
ever, this so called CAAX-box (C for Cys, A [or aliphatic
and X for any amino acid) at the C-terminus is by
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Integral membrane proteins
VSV-G
NHy e e GRFLVL RVGIHLC®*IKLK ........ o .. COOH
SFV-El
NH, e VWVTC®IGL  RR-COOH
Transferrin-receplor
HOOC s GYC®ISGM . RKER1VNAK T 1, B
Bovine rhodopsin
NH, e IYIMM NKQFRNCMVTTLCPC G et COOH
HLA-D associated invariant chain [i
HOOC QYL YLAG  RSC K ittt isessems e e e NH,
Peripheral membrane proteins
ras-protein
HOOC-SLVC*KC ..o it NH
YPT1-protein
(external) (membrane segment)  (cytoplasmic)

¢ Sequences are from Refs. 92.95.97.101.26.94 and 5! 1n this order from top to bottom.

definition a rather unprecise recognition sequence. It
may be valid for the few palmitoylated ras-type proteins
only. When the primary structures of other acylated and
non-acylated membrane glycoproteins are compared,
due to the wide variability of amino acids around the
putative palmitoylation sites, no recognition sequence
can be deduced. The only structural theme common to
the palmitoylated species is the occurence of at least
one cysteine residue usually within about four residues
from the putative border between the inner leaflet of
the lipid bilayer and the cytoplasm [65,100;. With the
VSV G-protein the palmitoylated cysteine residue was
located seven residues into the cytoplasm [92] In a
ocent report Ovchinnikov and co-workers identified the
acylation sites of bovine rhodopsin. The two fatty
acylated cysteine residues were located 13 and 14 amino
acid residues away from the membrane border inio the
cytoplasm. These authors suggest that using its faity
acids as anchors, this region of the protein loops back
into the lipid bilayer of the photoreceptor membrane
(101}

11-C. Biochemistry of palmitoylation

11-C1. Location of palmitoylating activity

From carly studies of palmitoylation of viral
acylproteins in vivo, it has been apparent that this
modification is an event which in the presence of ongo-
ing protein synthesis can be detected by meiabolic short
pulse labeling (102). In order to define the intracellular
location of palmitoylation, fatty acylation was related to
the various stages of oligosaccharide processing. and to
the timing of proteolytic processing and intracellular

transport. The results of such experiments revealed that
palmitoylation of VSV G-protein and Sindbis E1 and
E2 occurs shortly after translation and just prior to the
acquisition of Endo H resistance [102). While various
trimming inhibitors (swainsonin. deoxynojirimycin.
castanospermin) cither had no cffect on palmitoylation
(McDowell, W. and Schmidt. M.F.G.. unpublished re-
sults) or led to a stimulation {103]. the effect of tuni-
camycin depended on the giycoprotein under study.
While tunicamycin had no effect on the acylation of the
HLA invariant-chain [26), coronavirus E2 [104,105] and
mannosidase 11 [30}. it completely abolished palmitoyla-
tion of VSV G-protein [12] and of the sodium channel
{22). Thus. it secems that the influence of tunicamycin on
acylation is an indirect one. perhaps by preventing
sransport of the glycoprotein (o the acylation site [106).
This indicates, that glycosylation per se is not required
for fatty acylation. Also other experiments pointed to a
crucial intracellular location (or palmitoylation to oper-
ate. Ts-mutants of the G-protein defective in transport
between the ER and Golgi could not be acylated at
nonpermissive temperatures [12). whereas blocking of
transport ociween the Golgi and the plasma membrane
with raonensin had no influence on fatty acylation
(107]. From pulscchase experiments with [*Hjpalmitic
acid Dunphy et al. [108] and Quinn et al. {109] reported
the cis-Golgi to be the intracellular location at which
palmitoylation occurs. Subsequently, short pulse label-
ing in vivo of acylproteins with |*Hlpalmitic acid ws
utilized frequently as a marker for the cis-Golgi com-
partment (e.g.. Ref. 110). However. more recent data
proved that palmitic acid binding begins at an even
carlier stage. By cell fractionation after extremely short
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pulses (20 s) with [*H]palmitic acid in SFV infected
baby hamster kidney cells (BHK), most of the
[’H]palmitoylated F-protein was found in the rough ER
fraction [111]. After establishing an in vitro system of
acvlation, which utilizes deacylated exogenous SFV El-
acceptor protein [54], particular membrane fractions
could be tested for protein fatty acyltransferase (PAT).
Studies with such a cell-free system using viral acceptors
revealed the highest specific activity of PAT in the
rough ER fraction {111). The use of transport mutants
revealed that early acylation occurs also with yeast cell
glycoproteins [112] and different Ts-mutants of the
influenza hemagglutin (Veit, M., Schmidt, M.F.G. and
Klenk, H.D., unpublished results). Recently a chimeric
construct between a fragment of the influenza hemag-
glutinin joined to the C-terminus of nearly compleie rat
growth hormone was shown to be palmitoylated. Since
this hybrid protein failed to be transported to the Colgi
apparatus, the authors conclunded that fatty acid ad-
dition occurs in a fraction of the ER which they termed
smoot ER cisternae [113).

Although the evidence for early acylaticn of the
above proteins seems quite solid, contrasting results
were obtained with other cellular acylproteins, as for
instance mucus glycoproteins, myelin apolipoproteins
and the SV40 large T-antigen. Utilizing an in vitro assay
for palmitoylating mucus glycoproteins from gastric
mucosa, Slomiany and co-workers reported the Golgi-
membrane to be the location of palmnitoylating activity
[114-116]). However, the membrane fractions in that
study were rather crude and had not been tested for
marker enzymes, More recent reports on the detection
of nascent peptidyl-tRNA with bound fatty acids by the
same group, in contrast to their earlier reports, favor a
cotranslational acylation of O-glycosylated mucus
glycoproteins [117].

Palmitoylation in the vicinity of the late Golgi or the
plasma membrane was reported for the large T-antigen
{118}, the transferrin receptor {119,120,121}, myelin lipo-
philin [122,123} and bovine rhodopsin [20}. However,
with the two latter acylproteins autoacylation was ob-
served {124,125,125a], so that in these cases a different
mechanism of fatty acid attachment may operate. Some
non-enzymatic or autccatalytic acylation has also been
observed with E2-protein in SFV-infected cells [112].
Such a process may not depend on cellular enzymes, but
rather on the availability of acyl-CoA and a receptive
conformation of the protein acceptor. The plasma mem-
brane as a possible location for palmitoylation of cyto-
skeletal proteins resulted from studies with ankyrin in
rabbit erythrocytes, which are devoid of nuclei and
internal membranes [40,126]. With plant cells, another
compartment, the chloroplast, must have palmitoylating
activity, since a number of thylakoidal proteins are
acylated in that locatien both in vivo and in vitro (Ref.
58 and Mattoo, personal communication). Only a slight

degree of palmitoylation was detected in the fungus
Physarium polycephalum, but the location of the event
was not identified. Interestingly, in this fungus most of
the acylated proteins turned out to be myristoylated in
amide linkages [127].

Although a definitive general statement on the intra-
cellular location of protein acyltransferase is not yet
possible, most da:a available indicate that enzymatic
palmitoylation occurs soon after translation. Most likely
this modification of proteins operates in an area which
could be designated ‘late ER’, whatever such a location’s
cell biological features may be. One could speculate that
fatty acylation may occur in the first ser of vesicles
leaving the ER with a cis-Golgi destination. This would
fit with the hypothesis that fatty acylation may enhance
vesicular transport which denends on fusion and fission
of lipid membranes (see subsection IV-A1l).

H1-C2. Dynamic nature of palmitoylation

Fatty acids bound to acylproteins by ester-type lin-
kage are metabolically dynamic. Omary and Trow-
bridge [14,119] observed that the transferrin receptor
could be labeled with *H-fatty acid 48 h after its
translation, and that the protein bound fatty acids
‘turned over’ more rapidly than the protein portion of
the receptor. Similar observations were xiso reported for
bovine rhodopsin [20,126], mannosidase II [30), ankyrin
(128], ras-protein [129] and a number of cellular
acylproteins with unknown iden:ity ;*1). Recently, dif-
ferent half lives were reportid for the acyl groups of
different proteins of red blood cells [129a). In accor-
dance with those observations, Berger and Schmidt
[130] detected an enzymatic activity in microsomal
membranes of diverse origin, which specifically released
fatty acids from exogenously added viral acylproteins.
This protein fatty acylesterase rcjuires mild detergents,
is completely inhibited at 4° or 60°C and by sodium
dodecylsulfate, and is clearly distinct from the acylating
enzyme protein fatty acyltransferase [130).

The fact that acyl chains can be metabolically released
from palmitoylated proteins may be of some impor-
tance, because it allows the regulation of this hydro-
phobic modification. Therefore, whatever biological
function a given palmitoylated protein may have, it can
be switched on and off by fatty acylation or fatty acid
release (deacylation by esterase), respectively. In ad-
dition to directly modulating biological functions of an
acylprotein, specific intracellular locations of an
acylprotein could potentially be controlled by acylation
and deacylation. Thus, fatty acylation of proteins could
have the same regulatory potential as the well known
phosphorylation of polypeptides.

11-C3. Towards the purification of protein fatty acyltrans-
ferase (PAT)

Palmitoylating activity has been measured in various



cell-free systems utilizing exogenous or sndogenous
acceptor proteins [111,112,115,116,123-125,126,128,
131,132]. However, purification of a palmitoylating pro-
tein fatty acyltransferase (PAT) has not yet been
achicved. Published data on the enrichinent of this
enzyme are scarce. Partial purificauon of PAT by ceil
fractionation and chromatography on hydroxylapatite
has been reported, but no information with regard to
structure of the PAT proteins was given [111,230]. In
the same reports 2 PAT assay was used, which required
exposure times of several weeks for the detection of
{*H|palmitoylated E1 during SDS-PAGE analvsis and
fluorography {111,130].

By improving the cell-free assay for PAT in our
laboratory to 500-fold increased sensitivity, fractiona-
tion of this activity on various chromaiograrhic col-
umns is now possible [132a}. The key features of this
new assay are threefold. (1) High specific radioactivity
[*H]palmitoyl-CoA prepared by enzymatic synthesis
with microbial acyl-CoA synthetase was utilized as lipid
substrate. (2) Purified deacylated and hydroxylamine
free El-protein from Sem.iiki Forest virus was used as
exogenous acceptor for fatty acid. (3) Microsomal mem-
branes from human placental tissue were identified as a
rich source of protein fatty acyltransferase (PAT) (132b).
Utilizing this powerful assay, the enzymological charac-
terization of PAT as well as its protein chemical charac-
terization are presently in progress. Initial results show
that PAT is an enzyme of complex structure, which is
bound to membranes of the rough ER (Schmidt, M.F.G.
and Burns, G.R., unpublished data).

11-C4, Specificity of lipid substrates for ester-type fatty
acylation of proteins

Despite this early state of analysis of ester type
acylation of proteins, some information is available on
its substrate requirements. It has been established that
the activated form of fatty acid, acyl-coenzyme A, nceds
to be available to allow the acyltransfer onto protein.
Alternatively, free fatty acid can also be transferred in
the presence of ATP, Mg2* and coenzyme A, provided
the source of PAT has intrinsic acyl-CoA synthetase
activity [115,116,123,133,134]. Since a variety of acyl
species have been identified in different ‘palmitoylated’
acylproteins [65,83,135), fatty acyl:tior: into ester-type
linkage was not expected to be very specific with regard
to the fatty acyl species. Nevertheless, comparison of
acyl-CoA substrates with different chain lengths in
cell-free acylation revealed a preference for palmitoyl-
CoA [135]. Studies in our laboratory with enriched
preparations of PAT revealed that palmitic acid (16:0)
is preferred over shorter as well as longer acyl chains.
Likewise, unsaturated acyl species are less well incorpo-
rated into E1 acceptor protein when compared to the
saturated species of the same chain length (Schmidt,
M.F.G., Qanbar, R. and Burns, G.R.. unpublished data).
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Similar results were recently reported for the acylation
of the truasferrin receptor. In a study of acylation of
reticulocyle proteins in vivo and in vitro, Adam et al.
[121] demonstrated a clear preference for palmitic acid
over myristic acid in the transfer onto the receptor
protein. Another recent study indicates that acylation
may not be completely restricted to physiological acy:-
CoA substrates. Hertz and Bar-Tana [136] were able 0
incorporate xenobiotic amphipathic carboxylic acids
(e.g.. nafenopin, bezafibrate) into hepatocyte proteins.
However, full linkage analyses have not been provided
for these acylproteins.

During several studies of acyl specificity of ester-type
acylation of proteins by metabolic labeling, it has be-
come apparent that the fatty acids utilized are subject to
interconversion into other fatty acid species or to amino
acids [65,83,135,137). Thus, if radioactivity from
[’H]palmitic acid used for labeling is eventwually de-
tected in a given protein, this does not necessarily imply
that palmitic acid is actually bound. A warning exam-
ple for this feature is provided by the first report on the
acylation of the RSV transforming protein pp60*’© with
‘palmitic acid’ [138]. This acylation was later found to
represent the highly specific myristoylation. Thus, the
tiny fraction of myristic acid arising from interconver-
sion [135] must have been selectively utilized for incor-
poration into pp60°© [139,140). Likewise, various viral
or cellular acylproteins were labeled when normal and
virus-infected cells were grown in the presence of
[>H]myristic acid. Yet, when the purified proteins were
analysed for fatty acid [65,135], they contained mainly
{>H]palmitic and [*H]stearic acid. The extent of clonga-
tion and/or desaturation of radioactive fatty acids dur-
ing the labeling period was observed to vary consider-
ably when different cell types were compared [83].
Likewise, the spike glycoproteins of influenza C virus,
after labeling with [*Hlpalmitic acid. were found to
contain predominantly stearic acid (Veit, M., Herrler,
G. and Schmidt, M.F.G., unpublished data. Ut wil be of
interest to determine whether the structure of these
proteins specifies selection for one acyl species (18:0)
or whether these particular proteins follow a different
route of maturation. On such a new pathway they might
encounter a new type of protein fatty acyltransferase.
Alternatively, only restricted pools of acyl-CoA sub-
strate may be available. Further development of cell
free assay systems for palmitoylation and their applica-
tion with different protein acceptors will help clarify
such issues.

HI. N-Terminal myristoylation
111-A. Identification of myristoylated proteins

The covalent binding of myristic acid to the N-
terminus of a protein was first detected with cAMP-de-



418

pendent protein kinase. When Carr et al. {141] se-
quenced the catalytic subunit of this kinase they found
a blocking group at the N-terminus. Gas chromato-
graphic and fast atom bombardment (FAB)-mass spec-
trometric analysis of peptides derived from the N-
terminus revealed the presence of myristic acid in amide
linkage to N-terminal glycine [141]. Shortly thereafter,
and employing similar analytical procedures, two fur-
ther proteins were found to contain N-terminal myristic
acid, calcineurin (a Ca®*- and calmodulin-dependent
protein phosphatase [142]) and the rough ER-located
NADH-cytochrome-8, reductase [143]). With the
above-mentioned cellular acyl proteins and with the
retroviral coded gag-protein pl5 [144,145), an amide
linkage between myristic acid and N-terminal glycine
was established by analyzing non-labeled peptide
material with a combination of biochemical [146] and
the above-mentioned physical techniques. In all other
and subsequent reports on myristoylated proteins (see
below) a less sophisticated method was employed for
identification. This involved metabolic labeling with
[*H]myristic acid, PAGE analysis of cell lysates after
immunoprecipitation, and (unfortunately not in all
cases) fatty acid analysis after HCl-hydrolysis of the gel
purified acylprotein.

Table III lists all myristolyated proteins reported to
date. It reveals that many of these polypeptides are

TABLE 11!
Mpyrostoylated proteins of eukaryotic and viral origin

Protein Origin Refs.
Cellular acylproteins
cAMP-dependent
protein kinase bovine heart 141
Calcincarin bovine brain 142
Cytochrome-b
reductase bovine liver 143
ppS56 LSTRA-cells 6t
ppoO* chicken cells 82,147
G-protein ag,a; bovine brain 152
G-proein a39,4041  astrocytoma cells 153
p36°* chicken cells 149
IgM?* B-lymphocyte cell line 154
Various undefined Physarium polycephalum 127

GAP-43

neuronal growth cones

(rat) 154a
Viral acylproteins
VP2 SV40 and polyoma virus 155
VP2 BIFDV virus 156
VP4 picorna virus 151,158
pl58“8, ProSaes mammalian retroviruses 144,145
pre S1 antigen hepatitis B virus 159
P60 Rous-Sarcoma virus 138,140
orf-protein (p28) HIV] 150
different gax;-onc retroviruses 139,160,161
fuston proteins
pli:%eR HTLVI 162
P2354% HTLVII 162

* The precise location of the acylated amino acid i= not known.

functionally related to the regulation of cell growth
and/or signal transduction. Particular examples for this
are the cellular and viral oncogene products, pp60<*"
(82,147), p56 (148], p36 [149), pp60*" [138,140] and
p28 coded by 3'orf of the AIDS virus {150,151, as well
as particular a-subunits of . GTP-binding proteins
[152,153].

111-B. Biochemistry of myristoylation

The biochemistry of myristoylation has been studied
in great detail by Gordon, Glaser, Towler and co-
workers. These authors have recently achieved the puri-
fication of an enzyme from yeast cells, which transfers
myristic acid onto synthetic octapeptide acceptors
[163-165). They designated this enzyme N-myristoyl
transferase (NMT). It has been known for some time,
that non-acylated proteins can be myristoylated in vivo
once they contain the N-terminal region of myristoy-
lated proteins fused onto their N-terminus [166-169].
By systematically altering the sequence of synthetic
peptides homologous to the N-terminus of myristoy-
lated cAMP-dependent protein kinase, it was possible
to get some information on the substrate specificity of
NMT in vitro. From their own results [170}, and from
those reported by others [171-174], Towler and col-
leagues defined the structural requirements for N-
myristoylation in a recent review article. Accord’ag to
these data, a glycine residue at position 1 is an absolute
requirement for the peptide to function as lipid accep-
tor. Proline or amino acids with bulky or charged side
chains are not tolerated at positions 2 and 5, whereas a
broad spectrum of amino acids is permitted at positions
3 and 4. Position 5 is occupied by serine in almost all
myristoylated proteins identified so far. While Buss et
al. [175] recently reported evidence that the six amino-
terminal amino acids of p60°c are sufficient for
myristoylation, Kaplan et al. [176] find the requirement
for a seventh amino acid with the same protein. They
report that the seventh position should preferably be a
lysine and must not be asparagine [176). Both these
reports utilize fusion proteins in which a short amino-
terminal peptide from p60*’ extends the N-terminus of
p217* [175] or pyruvate kinase [176). These data indi-
cate that not all proteins with an N-terminal glycine will
be subject to myristoylation. In addition, there is evi-
dence that even proteins with a ‘good’ recognition re-
gion for myristoylation may not be acylated. A promi-
nent example for this is the GTP-binding protein trans-
ducin. Its N-terminus fulfills all the structural require-
ments described above and yet it fails to be myristoy-
lated in vivo [153). Surprisingly, synthetic peptides of
this region of transducin become myristoylated in vitro
[177]. It should be noted that prior to the attachment of
myristate to the N-terminal glycine of a protein, the
initiating methionine has to be cleaved. This cleavage



occurs while the growing chain is still attached to the
ribosome. It has been shown that NMT reveals no such
proteolytic activity [165], thus two enzymes must oper-
ate in concert to yield the myristoylated protein.

I11-Bl. Substrate specificity and intracellular location

A number of recent studies have addressed the ques-
tion of specificity for the lipid substrate of myristoyla-
tion. Utilizing the cell free system described above,
Towler and Glaser revealed that the coenzyme A thines-
ter of myristate (14:0), but not of palmitate (16:0)
operates as a lipid donor [163). This observation is in
agreement with former studies on the chemical analysis
of amide-linked fatty acids [133,141-143,147] and re-
veals a remarkable specificity of NMT for this rare fatty
acid. In a recent comprehensive study Glover et al. (178]
confirmed this exclusive specificity for tetradecanoic
acid during transfer in vitro. However, in the same
report palmitoyl-CoA, was found to bind to NMT from
various rat tissues [178]. This competition in binding to
NMT may have regulatory implications.

Similar enzymes with only slightly different substrate
specificities have been partially purified from rat liver
and plant cells (151,177). Thus, it seems that this en-
zyme is highly conserved throughout evolution, which
may indicate a crucial biological function for myristoy-
lation. It should be noted that a myristoylating activity
is also present in wheat germ and reticulocyte lysates,
which are used for in vitro translation experiments
f151].

Immunocytochemical studies regarding the intra-
cellular location of NMT are not available at present.
However, after cell fractionation the enzyme is distrib-
uted between the soluble and crude membrane fraction
[163). Thus, NMT may be only loosely attached to
cellular membranes or, more likely, is associated with
ribosomes. The later assumption is supported by the
observation that nascent polypeptide chains isolated
from ribosomes already contain myri tic acid [179]. This
latter finding is compatible with the cotranslational
attachment of myristic acid after cleavage of the ini-
tiator methionine [180]. Myristoylation during transla-
tion had originally been shown by experiments in which
myristoylation stops rapidly after addition of inhibitors
of protein synthesis [10,82,83,181). From all these data
it appears that myristoylation is dependent on ongoing
protein translation. Consequently, the 14: 0 fatty acid at
the N-terminus cannot be expected to *turn-over’, but
instead remains stably attached to the polypeptide.

Recently, it has been suggested that in macrophages
a major substrate of protein kinase C becomes myris-
toylated after external stimulus with bacterial lipopoly-
saccharide (LPS) [182,183]. This implies that transfer of
myristic acid to the 68 kDa target of protein kinase C
occurs post-translationally, which is in clear contrast to
the above-mentioned results. On the other hand, one of
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the reports by Aderem et ai. {183] contains data indicat-
ing that treatment with inhibitors of protein synthesis
prev:its myristoylation of this protein. It seems, there-
fore, that LPS induces de novo synthesis of a myristoy-
lated protein rather than the transfr of myristic acid
onto a polypeptide, which has been translated before
the stimulus. Alternatively, myristoylation of this par-
ticular target protein may be different from the well
established N-terminal myristoylation. Future analysis
of this substrate of protein kinase C will have to clarify
whether myristic acid is really linked to the N-terminus
or to some internal lysine or arginine.

It should be mentioned at this point that some
proteins do contain amide-bound fatty acids, which are
not linked to the N-terminus of the polypeptide chain.
This was first shown for the acetylcholine receptor {15).
More recently, the same was found to be true for the
insulin receptor [16], the heavy and light chain of im-
munoglobulin M {154}, and other cellular proteins
[48,149,184]. The fatty acids bound to these proteins
have been analysed and revealed myristate [154),
palmitate [15,184] or both acyl species {16). An e-amino
group of a lysine residue located near the membrane has
been suspected to be the fatty acid binding site in the
acetylcholine receptor [15). N-Amidical acylation of IgM
occurs post-translationally during transit of this protein
to the plasma membrane {154), which is in contrast to
the co-translational myristoylation of N-terminal
glycine. More information on the biochemistry of this
third probable type of acylation will be necessary before
its biological significance can be assessed.

IV. The function of protein bound fatty acids

Although many acylated polypeptides have keen
identified, experimental studies concerning the function
of protein bound fatty acids are still rare. The func-
tional heterogencity of the acylprotemns occurring in
phylogenetically distant organisms makes it near to
impossible to deduce one or few biological functios of
protein bound fatty acids, particularly for the palmi-
toylated species. Nevertheless, in almost each report on
the acylproteins listed in Tables I and III, potential
functions are offered and discussed. However, at this
early stage of research on hydrophobic modifications of
proteins, most of the biological functions of acylation
suggested, are still hypothetical, since they are often not
sufficiently backed by experimental data. The most
frequently recurring hypotheses for the biological func-
tio- of fatty acylation of proteins will be discussed
separately for palmitoylation and myristoylation.

1V-A. Palmitoylation

IV-Al. Involvement in membrane fusion
Addressing the function of palmitoylated spike
glycoproteins of envelope viruses, it has been suggested
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that protein bound fatty acid may be required for the
fusion process between viral and cellular membranes
[185) and for the release of newly synthesized virus
particles from the infected cell [186). The first experi-
mental data in support of the former hypothesis comes
from studies by Lambrecht and Schmidt, who com-
pared the biological activities of acylated and deacyl-
ated influenza hemagglutin [89,187]. Fusion activity of
the glycoprotein was drastically impaired after release
of protein bound fatty acids with hydroxylamine,
whereas hemagglutinating activity and other properties
of the viral surface glycoproteins were not affected.
Although control experiments gave no indication of
other cffects of hydroxylamine than fatty acid release
[89,187], it should be borne in mind that this agent has
been used to cleave peptide bonds [188]. Involvement of
protein bound fatty acid in the induction of membrane
fusion is also supported by the fact that most acylated
protein species found in enveloped RNA or DNA viruses
are well known for their fusion-inducing property [189).
On the other hand, there are a few enveloped viruses
which lack fatty acylated surface proteins and which are
still able to enter their host cells by membrane fusion.
Therefore acylproteins cannot be the only possible
mediators of fusion [65,79,100]. To test the above hy-
pothesis further, we are presently following an approach
that utilizes the expression of mutated clones of the
influenza hemagglutinin and of a paramyxovirus fusion
protein both of which lack their fatty acid linkage sites
(Veit, M., Klenk, H.-D. and Schmidt, M.F.G., unpub-
lished data).

Following our idea about the participation of protein
bound fatty acids in triggering membrane fusion [185),
Glick and Rothman suggested an involvement of fatty
acylation in the fusion-driven transport of glycoproteins
along the secretory pathway [190). These authors in-
vestigated the transfer of VSV G-protein between Golgi
vesicles in vitro. They observed that addition of
palmitoyl-CoA to their cell-free transport assay had a
highly stimulatory effect on the rate of glycoprotein
transport from cis- to medial Golgi-vesicles. Glick and
Rothman, therefore, hypothesize that cycles of acylation
and deacylation of an as yet unknown protein may
facilitate protein transport by enhancing membrane fu-
sion between the different populations of transport
vesicles {190].

1V-A2. Morplogenesis and protein interaction

A potential contribution of acylation to the morpho-
genesis of virus particles has been drawn from experi-
ments by Schlesinger and Malfer [186] in which vesicu-
lar stomatitis virus (VSV) infected cells were treated
with cerulenin [191], a putative inhibitor of protein fatty
acyltransferase (PAT). The release of progeny virus
particles was prevented by this antibiotic, although fatty
acid-free glycoprotein was still transported 1o the cell

surface, the location where new VSV particles assemble
[87,189).

It is interesting to note that the maturation of viral
spike glycoproteins includes an oligomerization step
which yields, for instance, trimers in the case of the
influenza hemagglutinin. It has recently been shown, by
site-directed mutagenesis experiments, that this process
requires the full membrane spanning segments of the
respective glycoprotein (VSV G-protein, influenza HA)
down to the carboxyterminus {192,193]. A contribution,
by hydrophobic interaction of fatty acids present in that
area, to this process of trimerization is a likelihood.
Experiments are under way to test this hypothesis (Veit,
M., Schmidt, M.F.G. and Klenk, H.-D., unpublished, J.
Kruppa, personal communication). Results which point
to fatty acid involvement in protein--protein interac-
tions have also been obtained with cellular acylproteins.
When nicotinic acetylcholine receptor wus synthesized
without its fatty acids (i.e., in the presence of cerulenin)
its five subunits failed to assemble to the hetero-
oligomeric functional receptor {15).

While these above cases concern non-covalent inter-
actions between polypeptides, Koch and Haemmerling
[26] found that fatty acylation of the invariant chain (il)
prevents it from forming S-S linked dimers, This may
be important for the essential non-covalent association
of the il-polypeptide with MHC class I antigens (la in
the monse and HLA-D in human).

Although potential links between acylation and mor-
phogenetic events based on protein—protein interactions
are now well documented, some resevervation with stud-
ies involving Ceruleinin as an inhibitor of acylation are
due. Since this drug has an inhibitory influence not only
on de novo synthesis of fatty acids, but also on the
synthesis of lipids, RNA and proteins (Refs. 186 and
194 and Schmidt, M.F.G., unpublished observation), its
effects on fatty acylation are difficult to interpret. Be-
cause of this lack of specificity of cerulenin, alternative
ways of generating fatty acid free acylproteins for func-
tional studies in vivo will have to be developed.

1V-A3. Involvement in proteolysis protection, transport,
cell transformation and signal transduction

As stated above, some palmitoylated proteins are not
membrane bound, but occur in the cytoplasm or in the
extracellular space. As an example for secretory palmi-
toylated proteins Slomiany and co-workers reported
that covalently linked fatty acids protect human gastric
mucus glycoprotein from proteolytic digestion (33,195,
Interestingly, the stoichiometric amount of covalently
bound fatty acids in mucus glycoproteins is 2- or 3-fold
higher in patients with cystic fibrosis compared to
healthy individuals {196}. The authors conclude that the
increased fatty acid content may prevent normal
turnover of these glycoproteins. Accumulation of such
viscous and poorly soluble proteins may therefore lead



to an obstruction of the vartous secretory glands, which
is a characteristic clinical featue of cystic fibrosis [196]).
Recently, the presence of fatty acids in mucus glyco-
proteins reported by Slomiary and co-workers [114-117]
has been challenged. Hansson et al. were not able to
detect any stoichiometric fatty acid in highly purified
preparations of porcine and human mucus glyco-
proteins [196a]. It will be important te clarify whether
the latter group might have cleaved the fatty acids
during their elaborate purification procedure or whether
Slomiany’s group was operating with f.-parations of
mucus glycoproteins which still contai..ed other fatty
acylated proteins.

Recently there is debate about the participation of
GTP-binding proteins in the transport of glycoproteins
along the secretory pathway [197]. For instance, the
yeast ras-like YPT ! protein, which plays a role in
transport phenomena, is palmitoylated [S1]. Further-
maore, acylation and deacylation of a retroviral ras-pro-
tein has been shown [129]. However, the question of
whether or not this modification of ras (and/or the
myristoylated GTP-binding proteins, see below) is actu-
ally involved in the transport process, has not yet been
addressed. Since quite a number of cell surface recep-
tors and the Na* channel [198] are palmitoylated, a
regulatory involvement of protein-bound acyl chains in
signal transduction can be regarded as a serious possi-
bility. Impairment of coupling to the adenylate cyclase
system has recently been reported for non-palmitoy-
lated Cys "-mutants of the human B,-adrenergic recep-
tor [219].

For the ras-oncogene product it has been proposed
that thioester-linked palmitate may serve the function
of binding this peripheral membrane protein to the
inner surface of the plasma membrane, where it may
initiate the process of cell transformation. After chang-
ing the fatty acid binding cysteine residue (which is
located near the terminal end of the polypeptide and
conserved in all viral, mammalian and yeast ras pro-
teins, see Table 1) to serine by site-directed mutagene-
sis, Willumsen and co-workers observed that the mutated
protein is neither palmitoylated nor associated with
membranes. Furthermore, the mutated ras-protein had
lost its cell-transforming abilities {92,94).

In contrast to the hydrophilic ras-protein, palmitoy-
lated integral membrane glycoproteins do not require
covalently bound fatty acid for membrune attachment.
Further, the transferrin receptor and VSV G-protein, do
not require fatty acylation for intracellular transport.
After replacing the acylation site by site-directed muta-
genesis, these fatty acid-free glycoproteins are still
transported to and stably attached to the plasma mem-
brane [95,97,199]. The only report with a positive corre-
lation between fatty acylation and transport of a pro-
tein from the Golgi apparatus to the cell surface was by
Zilberstein et al. {200], who utilized mutant strains of
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VSV in VERO-cells. In this study the possibili-y has not
been fully excluded, that lack of transport was due to
other defects of the mutant protein than deficient acyl-
ation.

1V-44. Comparison of acylated and fatty acid-free peptides

The above ideas on functions of protein-linked fatty
acids can only be valid if the acyl chains have ihe
physical potential to interact with components in their
environment rather than being packed inside the pro-
tein. A number of physical experiments reported in the
literature indicate that this is indeed the case. In an
early biophysical study, Petri et al. [201) labeled VSV
G-protein with 16-(9-anthroxyloxy)palmitate and recon-
stituted it into phospholipid vesicles. Fluorescence an-
isotrophy measurements revealed that the labeled fatty
acid is not buried inside the molecule, but is located in a
phospholipid domain which does not undergo tempera-
ture-dependent phase transition. Thus, with this viral
acylprutein, covalently bound fatty acids can influence
their micro environment. In such an exposed position,
acyl chains will also have the potential to interact with
heterologous membranes in close proximity, or with any
other hydrophobic surface.

Recently, Joseph and Nagaraj {202] compared a 13
amino acid synthetic peptide which constitutes part of
the membrane spanning segment of VSV G-protein
before and after chemical palmitoylation. They find no
direct modulation of peptide conformation with circular
dichroism (CD) spectroscopy, but fatty acylation ap-
parcntly promeotes ssif-association and association of
the acylpeptide with micelles [202). Unfortunately,
palmitic acid was bound amidically to the e-amino
group of a lysine located towards the N-terminus of the
membrane segment, and not to the physiological cy-
steine linkage site just outside the lipid bilayer towards
the C-terminus (Ref. 92; compare also Table 11). Thus,
the peptide studied [202] may not allow any valid
conclusion for the segment of G which is naturally fatty
acylated.

A different approach was followed by Bizzozero and
Lees [203] who deacylated myelin proteolipid proteins
by treatment with hydroxylamiae for spectroscopic
comparison with the fatty acylited form. While the
conformation of the acylated and deacylated forn of
lipoprotein in organic solution was about the same,
clear differences in folding emerged during spectro-
scopic analysis in an aqueous mileu. Although no defi-
nitive anchor function could be proven, the authors
hypothesize from experiments with liposomes, that fatty
acids attached to one of the external loops of this
protein {90} could be important for maintenance of the
lamellar structure of the normal myelin sheath [203].

If acylation affects the conformation of a protein, it
should also affect its biological activity. This was the
case with fusogenic spike proteins of viruses. These
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proteins lost their fusion activty upon deacylation by
hydroxylamine treatment of complete virus and of
solubilized spikes although the cverall conformation of
the proteins was not affected to any detectable extent
[187,204]. Likewise, with deacylated mucus glyco-
proteins, sensitivity towards proteolytic digestion was
much increased [33,115,195). This latter phenomenon
has aiso been observed with bee venom phospholipase
A,. Utilizing an approach the reverse of that with virus
spikes and mucus glycoproteins, McLeod and col-
leagues [205) chemically acylated phospholipase A ,. By
this well controlled modification, they rendered this
enzyme much more stable against treatment with thiols
and proteinases when compared to the fatty acid-free
counterpart. Along with this protective effect resulting
from covalent acylation, the authors found an activa-
tion of enzymatic activity {205,206).

It seems reasonable that a potentially exposed fatty
acid in covalent linkage would promote interaction of
an acylprotein with a hydrophobic environment in its
vicinity. Experimeatal data emphasize this view. By
chemically acylating I1gG, Fueng et al. [207) were able
to stably anchor this usually water-soluble protoin into
liposomes, a technique of potzatial use in drug target-
ing. Likewise, the hydrophobic protein a-bungarotoxin
was partitioned into a lipid bilaver by chemical addition
of a single palmitoyl residue [208]). Not only that, ‘artifi-
cial’ acylation of this toxin reduced its receptor affinity
to one twentieth of that of the non-acylated (natural)
counterpart [208). This implicated the potential of
acylation and deacylation to modulate the biological
activity of any given acylprotein (see subsection II-C2).

Water-soluble enzymes may acquire the ability not
only for binding to vesicles, but also for complete
translocation across lipid membranes. This has recently
been shown elegantly by Levashov et al. [209) for
stearoylated proteinases. The authors found that only
after chemical stearoylation could trypsin or chymo-
trypsin reach a substrate enclosed in multilamellar lipo-
somes [210]. This finding indicates the potential of
protein-bound fatty acids, to aid in the translocation of
proteins across lipid bilayers. Although all these latter
data may point to an anchor function of protein bound
acyl chains (see next subsection) or to similar
protein-lipid interactions, one should bear in mind that
many palmitoylated proteins (unlike the glypiated poly-
peptides [1-4]) already have a membrane spanning seg-
ment to keep them insterted in the ER membrane
during synthesis. Nevertheless, additional fatty acids
inside or close to this hydrophobic segment may still
have an influence on the structure and biological activ-
ity of these limited regions. Furthermore, any structural
changes in these arcas may well be relevant to the
overall three-dimensional structure of the respective
acylprotein.

IV-B. Functions of myristoylation

IV-Bl. Anchor function of myrisotylation

From the previous subsection it has become apparent
that fatty acids do modify the physical properties of a
protein. Therefore it seems reasonable to expect that an
otherwise quite hydrophilic protein develops a general
affinity for membranes once it is myristoylated. How-
ever, the surprise comes with the fact, that a number of
myristoy'ated proteins are associated specifically with
the cytoplasmic face of the plasma membrane only, and
not with any of the other intracellular membranes. The
crucial involvement of N-terminal myristic acid in this
specific interaction comes from a series of studies mainly
with the transforming retroviral src-kinase (p60*"°). By
replacing or deleting the amino-terminal glycine residue
of this protein Kamps, Buss, Sefton and others were
able to show that the mutated proteins are neither
myristoylated nor membrane-bound. Furthermore, they
show that the mutated molecules have lost their cell-
transforming abilities, although the protein’s kinase ac-
tivity is not affected [171,172,166-168].

The ability of N-terminal myristic acid to bind other-
wise soluble proteins to the inner sutface of the plasma
membranes has also been confirmed for the gag-protein
precursor (Pr635°8) of mammelian retroviruses. In this
case the recombinant mutant proteins failed to be trans-
ported to the membrane, and as a result the release of
progeny virus particles was prevented [176,177). In
related experiments, Peliman and co-workers showed
that a 14 amino acid peptide derived from the N-
terminus of the src-kinase can direct myristoylation and
membrane binding of the non-myristoylated and solu-
ble protein product of the fps-gene [169). Analogous
results have also been reperted for hybrids between the
myristoylated N-terminus of p60° and both p217**
{175] and pyruvate kinase [176]. On the basis of such
data, it has been speculated that amide-bound myristic
aicd is a transport signal, which can target polypeptides
to the inner surface of the plasma membrane [173,211).
At that location the myristoylated protein (e.g., p60**)
is believed to interact with putative receptors for
N-terminal myristic acid. Due to the specific topological
positioning of this protein, its intrinsic kinase activity
will ensure phosphorylation of the ‘right’ target protein
{140,147). Although this attractive hypothesis may be
valid for myristoylated retroviral src-kinases, it is dif-
ficult 10 reconcile with the fact that some myristoylated
proteins are either soluble (e.g., c(AMP-dependent pro-
tein kinase, [141]), bound to the ER (e.g., cytochrome
reductase, [147]) or accumulate in the cell’s nucleus
(e.g., VP2 of polyoma viruses, [155]). Two more excep-
tions need to be mentioned. While the myristoylated
src-gene  products of the wransformation-defective
mutants ts NY 68 [147) and NY 18-3 occur in the
cytoplasm [212], the avian src-gene product is not



myristoylated at all, but is nevertheless located on the
cytoplasmic side of the plasma membrane [213}].

IV-B2. Myristoylation in morphogenesis and virus entry

The use of site-directed mutagenesis allowed assay
for the involvement of myristoylation in processes other
than membrane anchorage. On the basis of such com-
parative studies, myristoylation of structural proteins of
tumor and other non-enveloped viruses was suggested
to be important for intracellular transport of retroviral
gag-proteins (174) and for the assembly process of dif-
ferent viruses [166,119,120,170,214). In this respect, the
report by Streuli and Griffin [155] is noteworthy. These
authors found myritoylated VP2 protcein in the nucleus
of cells infected with polyma and SV40 virus. They
suggest that myristoyl-VP2, while anchored in the
nuclear membrane, could position the newly made viral
DNA for nucleation of capsid assembly [155). Involve-
ment in capsid packaging was also proposed for
myristoyl chains bound to VP4 pro’¢in of the RNA
containing polio and foot and mouth disease virus
[157,158). Although the myristoylated polio virus VP4 i<
packaged inside the capsid, it possibly participates in
the entry of virus particles into the host cell. Since a
cellular membrane has to be passed during this process,
myristic acid linked to the amino terminus of VP4 could
well serve a function simiiar to the one suggested for
palmitoylated fusogenic proteins of enveloped viruses
[215). VP4 is the first protein to vanish during entry of
this virus into the cell [216-218], which may be indica-
tive of its prime involvement in this crucial process.
However, only future research will clarify whether a
general mechanism for fusion-mediated entry of viruses
into host cells operates in nature, which is enhanced by
protein-bound fatty acids.

V. Concluding remarks

Fatty acylaiion of proteins is a modification as di-
verse and complicated in many respects as glycosylation
or phosphorylation. Owing to a number of distinct
biochemical features, two major types of this hydro-
phobic modification can be distinguished, palmitoyla-
tion and myristoylation. Both are enzymatic processes
which covalently modify proteins mainly on internal
cysteine and N-terminal glycine residues. Both types of
acylprotein occur in many different organisms as well as
in many different intracellular locations. This fact and
the scarcity of experiments which assess fatty acid func-
tion make it difficult at present to offer any unified
theories on the biological function of palmitoylation or
myristoylation. What emerges from the literature in this
respect is perhaps that protein bound acyl chains con-
tribute to a variety of different biological functions
rather than to just on: The unifying concept in all of
these are the interaction of the covalently lir ked fatty
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acids with hydrophobic components present in their
immediate environment. The dynamic nature of
palmitoylation, which is mainly found in membrane
glycoproteins. may mean that this modification plays a
role in modulating the structure and function of the
membrane spanning segments of such proteins, as for
instance in sigral transduction and membrane fusion.
The ‘once and for ever' myristoylation of a protein
scems to be mainly responsible for anchoring this
acylprotein to specific membrane locations, often to the
cytoplasmic face of the piasma merabrane. Only in such
a topological orientation can the -ayristoylated protein
exert its function, which may be, ‘or instance, to phos-
phorylate particular target proteins to initiate a cascade
leading to various biological consequences. This is not
the place to discuss the many exception from these two
‘major’ hypothetical functions of palmitoylation and
myristoylation. It scems, once agiin nature does not
follow our simplyfying ideas. However, with the recent
purification of N-myristoyl transferase (NMT) and pro-
gress in the characterization of the palmitoylating en-
zyme, protein fatty acyltransferase (PAT), we may soon
be able to gain a deeper insight into this hydrophobic
modification of proteins.
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