
Many extrinsic membrane proteins are anchored to the
membrane via mechanisms that are distinct from those
employed by trans-membrane proteins. Lipid modifi-

cations facilitate the attachment of soluble proteins to biological
membranes, but they also enable protein–protein interactions and,
in some cases, the shuttling of proteins between the plasma mem-
brane and the cytosol or other membrane compartments. These
modifications, which are found in all eukaryotic cells, fall into
three major classes and are characterized by the type of lipid and
the site of modification in the protein. They include N-myristylation,
palmitoylation and prenylation (Fig. 1). Unlike phosphorylation,
lipid modification is limited to a small subset of cellular proteins
that often participate in signaling. Certain lipid modifications are
reversible, and can therefore have regulatory functions in signal
transduction, such as providing a structural basis for the assembly
of signaling-protein-complexes on membranes, or terminating a
signal cascade by hydrolysis of the lipid and dissociation of the
protein from the membrane. In addition, the prenyl lipids used in
the modification of signaling proteins are also important branch-
point intermediates of isoprene biosynthesis, thereby providing
the cell with a potential mechanism for coordinating signaling and
a key biosynthetic pathway.

The biochemistry of most lipid modifications is now well
established, although not all enzymes that carry out the transfer
reactions have been identified. The role of N-myristylation and
palmitoylation in animal cells1–3, and protein prenylation in ani-
mals, fungi and plants has been reviewed extensively4–7. Here we
focus primarily on the role of lipid modification in modulating
protein functions, particularly the insights gained from the identi-
fication of modified plant proteins and the genetic analysis of
mutants that affect protein prenylation.

Function of reversible protein palmitoylation 
Protein palmitoylation is achieved through esterification of 
cysteine thiol groups by palmitate (Fig. 1). In contrast with 
N-myristylation and prenylation, a primary sequence motif that
would predict sites of palmitoylation in proteins has not been
identified. Palmitoylation is often found associated with myristate
or prenyl groups, or near hydrophobic sequences of putative

trans-membrane domains. The palmitoyl group is hydrophobic
and therefore increases the affinity of modified proteins to mem-
branes. But unlike other lipid modifications, palmitoylation is a
dynamic and readily reversible process. This reversibility has
attracted considerable attention because it provides a potential
regulatory mechanism for shuttling proteins between the cytosol
and the membranes or between the different membrane domains.
Agonist-stimulated turnover of palmitate is found in a small num-
ber of proteins, including the b-adrenergic receptor and certain 
G-protein a-subunits2,3. However, the instability of palmitoyl
modification and the difficulties in achieving efficient metabolic
labeling of proteins with palmitic acid have hampered research
into the mechanisms of protein palmitoylation. Insights into its
precise function are further complicated because depalmitoylation
can occur enzymatically and non-enzymatically, and the mecha-
nisms that regulate each of these reactions are unknown.

The most extensively studied examples of palmitoylated pro-
teins are the a-subunits of trimeric GTP-binding proteins (Ga) in
animal cells. Following association with an effector, Ga is depalm-
itoylated and subsequently relocalizes to the cytosol. This might be
necessary to facilitate the hydrolysis of GTP to GDP to reset the
protein for a new activity cycle3. In this case, palmitoylation could
regulate the localization and interaction of Ga with receptor and
effector proteins. Although Ga-like proteins have been identified
in plants8, their function and palmitoylation status is unknown. To
date, the chloroplast D1 protein encoded by psbAis the only plant
protein for which palmitoylation has been demonstrated9. D1 is an
integral protein of the photosystem II (PSII) reaction center. The
D1 precursor protein first inserts itself into the unstacked stroma
lamellae of the thylakoid membrane, where it is processed and
subsequently migrates to the stacked grana lamellae where it
becomes transiently palmitoylated. The role of this transient lipid
modification of D1 is not known, but it is reasonable to suggest
that palmitoylation might help to increase the local concentration, as
well as the specificity and efficiency of D1 interaction with other PSII
components in the lipid environment of the thylakoid membrane.

Palmitoylation is often found associated with myristate or
prenyl groups, but the relationship between these different lipid
modifications has been investigated in detail for only one member
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Lipid modifications of proteins –
slipping in and out of membranes
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Protein lipid modification, once thought to act as a stable membrane anchor for soluble pro-
teins, is now attracting more widespread attention for its emerging role in diverse signaling
pathways and regulatory mechanisms. Most multicellular organisms have recruited specific
types of lipids and a suite of unique enzymes to catalyze the modification of a select number of
proteins, many of which are evolutionarily conserved in plants, animals and fungi. Each of the
three known types of lipid modification – palmitoylation, myristylation and prenylation – allows
cells to target proteins to the plasma membrane, as well as to other subcellular compartments.
Among the lipid modifications, protein prenylation might also function as a relay between cyto-
plasmic isoprene biosynthesis and regulatory pathways that control cell cycle and growth.
Molecular and genetic studies of an Arabidopsis mutant that lacks farnesyl transferase suggest
that the enzyme has a role in abscisic acid signaling during seed germination and in the sto-
mata. It is becoming clear that lipid modifications are not just fat for the protein, but part of a
highly conserved intricate network that plays a role in coordinating complex cellular functions.



of the Gai protein family. In this case, both
palmitoylation and myristylation are re-
quired for stable plasma membrane local-
ization, and the rate of palmitate turnover is
significantly increased in the non-myristyl-
ated protein10. Interestingly, myristylated
but non-palmitoylated Gai mutant proteins
are distributed between the plasma mem-
brane and internal membranes, and a pro-
tein in which the myristylation site was
mutated fails to associate with the plasma
membrane and is not palmitoylated. How-
ever, myristylation per seis not required
for palmitoylation because when Gai is
tethered to the plasma membrane via asso-
ciation with Gbg in cells in which these
proteins are expressed at high levels, Gai 
is readily palmitoylated. These results re-
inforce the view that palmitoylation occurs
only when proteins are already in close
proximity to the inner surface of the plasma
membrane. Thus, palmitoylation probably
strengthens the reversible membrane asso-
ciation of plasma membrane-attached pro-
teins independently of myristylation or
prenylation, as demonstrated for Ha-Ras
(Ref. 11). Because of the recent progress 
in the purification and cloning of a mam-
malian palmitoyl transferase12 there is now
the opportunity to search for palmitoyl
transferase homologs in plants, and to gain
insights into the biochemistry and function
of protein palmitoylation.

Myristylation-mediated membrane
attachment requires cooperation with
other protein modifications
Several plasma membrane-associated pro-
teins are modified by the 14-carbon-saturated
fatty acid, myristate. Covalent linkage of myr-
istate via an amide bond to a glycine in the
N-terminal consensus sequence Met-Gly-
x-x-x-[Ser/Thr] is catalyzed by N-myristyl
transferase and occurs co-translationally
after the removal of the initiator methionine
by M-aminopeptidase. Although the modi-
fication is stable, the hydrophobicity of a
myristylated peptide alone is not sufficient
to anchor the protein in the plasma mem-
brane (Fig. 1). This suggests that additional
mechanisms cooperate with myristyl-
ation to facilitate stable plasma membrane
association of the modified protein.

The best studied examples of myristylated
proteins are mammalian members of the Src
family of non-receptor tyrosine protein
kinases (which participate in intracellular
signal transduction) and the MARCKS
proteins (myristylated alanine-rich C-kinase
substrate;  which are substrates of protein
kinase C). These proteins have N-terminal
polybasic domains with clusters of posi-
tively charged amino acids, allowing them
to interact with head groups of acidic 
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Fig. 1. Three types of protein lipid modifications. (a) In palmitoylated proteins the saturated
16-carbon fatty acid palmitate is attached to cysteines (black bold) via a labile thioester bond2,3.
(b) N-myristylation occurs co-translationally by the attachment of the saturated fatty acid
myristate to a conserved acceptor-glycine (gray) next to the initiator-methionine via a stable
amide bond. The acceptor glycine is the first amino acid of a consensus sequence 
M-G[SVALQN]xx[STAGCNV]. (c) Protein prenylation involves the attachment of the 15-
and 20-carbon isoprenes farnesyl and geranylgeranyl, respectively, to conserved cysteines
(black bold) at the C-terminal end of proteins via a non-reversible thioether bond. In proteins
modified by FTase or GGTase-I the acceptor cysteines are part of a conserved CaaX-box motif
(where ‘C’ indicates cysteine, ‘a’ represents an aliphatic amino acid, and ‘X’ is usually serine,
methionine, cysteine, alanine, glutamine or leucine). Following prenylation, the C-terminal -aaX
amino acids are proteolyzed followed by methylation of the free cysteine carboxyl group. The
methylation is reversible and significantly increases membrane affinity of the prenylated pro-
teins6. R and R9 designate C- and N-terminal amino acid positions, respectively, relative to the
acceptor amino acid. Kd

eff represents the membrane affinities of the respective lipid groups 
at the exposed lipid concentration at which 50% of a given modified peptide is associated with
the membrane2,49.
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phospholilipids that impart a negative charge
to the cytoplasmic surface of the plasma
membrane. Phosphorylation of serine resi-
dues located near to the polybasic domains
of the proteins produces negative charges
that reduce the net positive charge, thereby
weakening the electrostatic interactions
and releasing the myristylated protein from
the plasma membrane1,2. A different mecha-
nism is employed by Recoverin, a myristyl-
ated Ca21 sensor in retinal rod cells, which
controls the lifetime of photoexcited
rhodopsin by inhibiting rhodopsin kinase.
In the absence of Ca21, the myristyl group
is masked by a hydrophobic pocket in the
protein. Ca21-binding causes a conforma-
tional change in Recoverin that exposes the
myristyl group and thereby facilitates the
binding of the protein to the membrane13.

A subset of the known myristylated pro-
teins, including certain members of the Src
family and a-subunits of the heterotrimeric
G proteins, contain a cysteine next to or
adjacent to the myristylated glycine that is
usually palmitoylated (Fig. 2). Because
palmitoylation is unstable, de-palmitoylation
releases the myristylated protein from the
plasma membrane1–3. Although in this case
palmitoylation certainly enhances the effi-
ciency of membrane binding, it is also possible that palmitoyl-
ation influences the subcellular localization or protein–protein
interaction of the myristylated protein. N-myristylation, in con-
junction with other functional domains or modifications, enables
the reversible association of proteins with the plasma membrane
in response to different cellular signals or shuttling of proteins
between different membrane compartments.

Three groups of plant proteins that contain putative N-myristylation
sites have been characterized (Table 1), and several more might be
identified through ongoing genome sequencing projects. The
tomato PTO protein kinase is involved in signaling during
pathogen infection, but resistant plants containing the Pto locus
are also sensitive to the organophosphorous insecticide fenthion.
This sensitivity is mediated by FEN, a PTO homolog, whose gene
is tightly linked to Pto (Ref. 14). Both proteins have putative 
N-myristate-acceptor-glycines, and mu-
tation of the FEN putative N-myristate-
acceptor-glycine results in loss of fenthion
sensitivity14. However, a similar mutation
in PTO does not affect its function when
the protein is ectopically expressed in sus-
ceptible transgenic plants15, suggesting that
myristylation is not required for PTO-
mediated bacterial resistance. It has not
been established if PTO is myristylated,
and consequently a mutation of the putative
N-myristate-acceptor-glycine could inter-
fere with another function of the kinase.
Myristylation has been demonstrated for
one of the plant Ca21-dependent protein
kinases (CDPKs), whose functions are
unknown16. In addition, conserved cysteines
in positions 4 and/or 5 are present in all the
members of this family of kinases, suggest-
ing additional modification by palmitoylation

as discussed for the PTO protein kinases. It remains to be seen
whether the plasma membrane association of plant CDPKs is 
regulated in a similar way to Recoverin, in which Ca21-binding
exposes the myristyl group and facilitates membrane localiz-
ation13. It is likely that plants exploit the cooperation between
myristylation and palmitoylation to anchor regulatory proteins to
the cytoplasmic surface of the plasma membrane.

Protein prenylation is catalyzed by three types 
of prenyl transferases
Protein prenylation differs from N-myristylation and palmitoyl-
ation, both in the type of lipid and the protein domains that are used
in this modification. The reaction is catalyzed by three types of
protein prenyltransferases that attach 15- or 20-carbon isoprenes
farnesyl and geranylgeranyl, respectively, to conserved C-terminal
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Fig. 2. Mechanisms of protein myristylation and palmitoylation. Co-translational N-myristyl-
ation at the glycine-acceptor is catalyzed by N-myristyl transferase (NMT) after removal of the
initiator-methionine by methionine amino peptidase (MAP). Following release from the ribo-
some the myristylated protein attaches to the membrane. Many myristylated proteins are also
palmitoylated at the membrane by protein palmitoyl transferase (PPT) to increase their
hydrophobicity for stable membrane attachment. Palmitoylation can occur independently of
myristylation if the proteins are initially attached to the plasma membrane (which is appressed
to the cell wall) by other mechanisms, such as prenylation or positive surface charges.
Palmitoylation is a reversible modification catalyzed by palmitoyl thioesterases (PTE), but the
regulation of de-palmitoylation in response to signals is not well understood.
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Table 1. Plant proteins with conserved myristylation motifs 

Protein Plant Sequence Function

CDPKsa Several M-G[S/x][C/x][C/V][S/x] d Ca2+-dependent protein kinases
ATN1b Arabidopsis M-GSASGFd Protein kinase, homology with

Src kinases
PTOc Tomato M-GSKYSKd Protein kinase involved in

disease resistance
FENc Tomato M-GSKYSKd Protein kinase required for 

fenthion sensitivity

aGenes encoding Ca2+-dependent protein kinases (CDPKs) have been cloned from several different plants,
but myristylation has been confirmed for only one protein16.
bMyristylation of ATN1 has not been demonstrated47.
cThe acceptor-glycine is required for FEN function, but is disposable for PTO function14,15.
dAcceptor-glycine is shown in bold. Potential palmitoylation cysteine-acceptors and lysines that increase
positive protein surface charge are underlined. 



cysteines of a small subset of cellular proteins (Fig. 1 and Table 2).
Protein prenylation was discovered in fungi17, but has been identi-
fied since as a conserved modification in other multicellular
eukaryotes (reviewed in Refs 6,7). Interestingly, most of the pro-
teins modified by prenyltransferases have regulatory roles in 
cellular signaling and vesicle transport. They include almost all
members of the Ras superfamily of small GTPases (Ref. 18), sev-
eral g-subunits of heterotrimeric G proteins (Ref. 19), nuclear
lamins20, type I inositol 1,4,5-trisphosphate 5-phosphatase (Ref. 21),
as well as several other proteins. Since the demonstration that
prenylation inhibition could reverse the transformation of mam-
malian cells by activated Ras mutant proteins22, much attention has
been focused on the structure and function of protein prenyltrans-
ferases. However, our understanding of the regulation of these
enzymes and their potential function in coordinating isoprenoid
synthesis with cellular growth control remains incomplete.

Farnesyltransferase (FTase) and type I geranylgeranyltrans-
ferase (GGTase-I) are heterodimeric enzymes that share a com-
mon a-subunit but have distinct b-subunits that determine
substrate specificity6. Both enzymes recognize a conserved C-
terminal amino acid sequence motif known as CaaX box, where
‘C’ indicates cysteine, ‘a’ represents an aliphatic amino acid, and
‘X’ is usually serine, methionine, cysteine, alanine, glutamine or
leucine (Table 2). If ‘X’ is leucine, the protein is geranylgeranyl-
ated by GGTase-I. The presence of a polybasic domain that is 
rich in arginine and lysine proximal to the CaaX box greatly

increases the substrate affinity of GGTase-I
and efficient prenylation23,24. Following the
attachment of the prenyl group to the cys-
teine acceptor, the terminal aaX amino acids
are cleaved by specific proteases. The ex-
posed carboxyl group of the prenyl-cysteine
is then methylated by an S-adenosylmeth-
ionine-dependent membrane-bound prenyl-
cysteine carboxyl methyltransferase. A
similar enzymatic activity has been identi-
fied in suspension-cultured tobacco cells
using an artificial methyl acceptor25, sug-
gesting that this post-prenylation modifi-
cation is conserved in plants as well.
Recent evidence obtained for Ras proteins
suggests that aaX proteolysis and carboxy
methylation occur in the endoplasmic 
reticulum. The fully modified proteins 
then traffic to the plasma membrane via 
the Golgi secretory pathway or perhaps
through the cytoplasm26.

Rab-GGTase is the third prenyltransferase; it appears to modify
only Rab GTPases, which regulate secretory vesicle transport. It
does not share subunits with FTase and GGTase-I and differs
from the other two prenyltransferases by the presence of a third
component, Rab Escort Protein (REP; Table 2), which is required
for enzyme activity6,7. Although Rab-GGTase has been characterized
in plants and is thought to be similar to the animal and yeast
enzymes27,28, no molecular studies on the regulation of this prenyl-
transferase have been reported from plants.

Plant farnesyltransferase and protein substrates 
yield surprises
In synchronized tobacco tissue culture cells, increase in FTase
activity is coincident with the initiation of cell division. Con-
versely, manumycin, a specific inhibitor of FTase, blocks cell
division29,30. Thus, early events in the plant cell cycle probably require
farnesylation of currently unknown proteins. Therefore, it was
surprising when an Arabidopsismutant (era1-enhanced response
to ABA) was identified during a screen for plants with a hyper-
sensitive response to ABA: the gene for the b-subunit of FTase is
deleted in this mutant31. Mature era1-2 has a pleiotropic pheno-
type, of which certain aspects can be attributed to alterations in ABA
perception and/or signaling32. Because era1-2represents the first
FTase null mutant in a multicellular organism that shows only
modest effects on cell division and plant growth, it is tempting to
conclude that farnesylation is not a critical protein modification

for cell cycle regulation in plants. How-
ever, such a conclusion might be premature
because current information on plant FTase
protein substrates is limited, and promiscu-
ous farnesylation of proteins by GGTase-I
might account for the viability of era1.

The apparent role of plant FTase in the
negative regulation of ABA-signaling un-
masks only part of the complexity of pro-
tein prenylation in cellular functions, and
reflects that not all the proteins in the
ABA-signal-transduction pathway or other
regulatory pathways have been identified.
A novel biochemical screen to identify
plant prenylation substrates33, and com-
puter searches with algorithms designed to
detect CaaX-box proteins in databases have
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Table 2. Three different types of prenyltransferases are conserved in eukaryotes

Enzyme Subunits Recognition motifs Protein substrates (examples)

FTasea a CaaX Ras, Gg, a-factor, nuclear lamins, IP3

b 5-phosphatase, cGMP phosphodiesterase

GGTase-Ia a CaaL Rap, Rho, Rac
b

Rab-GGTaseb a, b, REP CC, CXC, CCX, Rab, Ypt
CCXX, CCXXX

aFTase and GGTase-I are heterodimeric enzymes that share a common a-subunit but have distinct 
b-subunits6,7.
bThe subunits of the Rab-GGTase catalytic component are similar (but not identical) to those of FTase and
GGTase-I. The catalytic component requires a third protein component, the Rab Escort Protein (REP), for
full activity. REP binds non-prenylated Rab proteins, and presents them to the catalytic component48.
Abbreviations: a, aliphatic amino acid; X, any amino acid.

Table 3. Plant FTase protein substrates 

Protein CaaX-motif Plant Proposed function

ANJ1a,b CaQQ Several Molecular chaperone

AP1b CFaa Arabidopsis MADS box transcription
SQUAMOSA CFaa Antirrhinum majus factors regulating flower
CAULIFLOWER CYaa Arabidopsis development
MADS3 CFaT Betula

NAP1a CKQQ Several Cell cycle regulation

aHomologs have been identified in other organisms.
bPrenylation of these proteins has been confirmed in vivo: and in the other proteins has been shown using in
vitro assays. Abbreviations: a, aliphatic amino acid; X, any amino acid.



now yielded several interesting plant candi-
date proteins (Table 3). Prenylation of most
proteins is confirmed, but tobacco ANJ1 is
the first plant protein for which farnesyl-
tion was demonstrated in vivo34. ANJ1 is a
plant homolog of the bacterial chaperone
DnaJ, a protein found in a complex with the
chaperone Heat shock protein70. Although
the function of ANJ1 is not known, farnesyl-
ation of the protein is required for mem-
brane binding. In yeast, farnesylation of
YDJ1 (the yeast homolog of ANJ1) is
essential for growth at 378C. Wild-type
ANJ1, but not the farnesyl cysteine-accep-
tor mutant protein, can complement a ydj1ts

mutant to restore growth at 378C (Ref. 34).
These results imply that only farnesylated ANJ1 is active at el-
evated temperatures in yeast, but they do not reveal the function of
ANJ1 in plants. Proteins related to ANJ1 have been identified in
many divergent plants and in all cases the Cys-Ala-Gln-Gln
CaaX-box is conserved, suggesting that
farnesylation is also a requirement for protein
function in plants.

Geranylgeranyl transferase-I directs the
localization of regulatory proteins
Considering the number of geranylger-
anylated plant proteins identified to date
(Table 4), the role of GGTase-I in various
cellular processes will undoubtedly be
complex. Similar to their mammalian and
yeast counterparts, most known members
of the Rac-related Rop family of small
GTPases in plants have conserved C-terminal
CaaL-box motifs and a polybasic sequence
domain that is proximal to the prenyl
acceptor-cysteine. Direct geranylgeranyl-
ation has been demonstrated only for one
family member35, but it is likely that most
Rops are substrates for GGTase-I. Rac 
GTPases are implicated in the reorganization
of the actin cytoskeleton through the acti-
vation of phosphatidylinositol 4-phosphate
5-kinase. It is likely that Rop proteins have
a related function in the regulation of polar
growth in plant cells, because overexpres-
sion of an ArabidopsisRop protein induces
isotropic growth in fission yeast, similar to
the fission yeast homolog, and the protein
is found at the site of growth36. In plants,
certain Rop proteins localize to the tip of
the growing pollen tube, which is consistent
with the protein playing a role in polarized
cell growth37.

The effect of geranylgeranylation on
membrane localization of GGTase target
proteins in plants is now best understood
for CaM53, a novel type of calmodulin 
protein that is not found in yeast or 
mammalian cells. CaM53 has a typical
calmodulin domain but contains a C-termi-
nal extension of 34 amino acids that is rich
in lysine and arginine and a typical
GGTase-I CaaL motif23. Prenylated CaM53

localizes to the plasma membrane, but the cysteine-acceptor
mutant protein accumulates in the nucleus. This differential local-
ization, which can be explained by the presence of a polybasic C-
terminal domain that also acts as a nuclear localization signal in
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Table 4. Plant GGTase-I protein substrates 

Protein CaaL-motif Species Proposed function

Rac/Rop protein CSIL, CaFL, CVFL, Several Polar growth
familya CFFL

CaM53b CTIL Petunia Calmodulin
CaM61 CVIL Rice

AIG1 CSIL Arabidopsis Pathogen response

aHomologs have been identified in other organisms.
bPrenylation of these proteins has been confirmed in vivo: and in the other proteins has been shown using in
vitro assays. Abbreviation: a, aliphatic amino acid.

Fig. 3. Regulation of protein prenylation – a physiological relay? CaM53, a novel type of
calmodulin protein, provides a model system to investigate the potential role of protein prenylation
as a relay between metabolic and signaling pathways. In the light, or in dark-grown plants in the
presence of sucrose, CaM53 is prenylated and localizes to the plasma membrane (which is appressed
to the cell wall). However, in the absence of sucrose, CaM53 is not prenylated and is found in
the nucleus23. Because the prenyl transferase substrates FPP and GGPP are intermediates of the
mevalonate pathway, changes in the activity of the rate-limiting HMG CoA reductase (HMGR) can
influence the prenylation status of proteins. The activity of HMGR is regulated by SNF1 protein
kinases, for which homologs have been identified in plants50. Members of the SNF1 family of
protein kinases are activated by AMP and inhibited by ATP, thus acting as a sensor to the metabolic
status of the cells. However, this model does not exclude other regulatory mechanisms, such as
activation of prenyl transferases by light, or phosphorylation of the shared FTase/GGTase-I a-sub-
unit that has been detected in mammalian cells41. Abbreviations: SAM, S-adenosyl methionine; PCP,
prenylcysteine protease; PCM, prenylcysteine carboxyl methyltransferase; MVA, mevalonic
acid; IPP, isopentenyl pyrophosphate; FPP, farnesyl pyrophosphate; GGPP, geranylgeranyl
pyrophosphate; HMGR, hydroxymethylglutaryl CoA reductase; ER, endoplasmic reticulum.
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plants, might prove to be an important aspect of CaM53 function,
and a convenient marker of physiological changes in the cell. For
example, most of the plasma membrane-localized fusion proteins
between GFP and the C-terminal domain of CaM53 are targeted
to the nucleus in dark-adapted leaf explants. A similar nuclear
localization has been detected for the GFP-fusion protein and for
the endogenous CaM53 following treatment of seedlings with
mevinolin, a potent inhibitor of HMG CoA reductase (HMGR),
which catalyzes the rate-limiting step in cytoplasmic isoprenoid
biosynthesis. Plasma-membrane-localization of the GFP-fusion
protein in dark-shifted leaf explants can be restored by adding
sucrose (but not mannitol) to the growth medium23. To date, there
is no known enzymatic mechanism for cleaving the thioether bond
between the prenyl group and the protein, and therefore it is prob-
able that nuclear localization of CaM53 only involves newly syn-
thesized protein, which does not become prenylated. The potential
of CaM53 for regulating protein activity in the plasma membrane
or the nucleus has interesting implications because prenylation 
of the protein could be controlled by several physiological 
mechanisms (Fig. 3).

Regulatory implications of protein prenylation
The evidence to date suggests that protein prenylation can be
modulated in response to flux through the cytoplasmic isoprenoid
biosynthesis pathway, a finding that is significant because FPP
and GGPP are early intermediates and constitute major branch points
in plants38. However, the situation has become more complex in
view of the recently discovered alternative isoprenoid synthesis
pathway in plastids39. Thus, overall changes in the cellular con-
centrations of FPP and GGPP might not necessarily reflect local
changes in the cytosol that result from changes in:
• Metabolic status of the cells.
• Activity of HMGR.
• Flux between the cytoplasmic and plastid isoprenoid pathways.
• Activities of other enzymes in the cytoplasmic isoprene biosyn-

thesis pathway.
Recent evidence in animals also suggests a regulatory role for
prenylation. Activation of isoprene biosynthesis in chicken car-
diac cells results in Ras farnesylation, activation of the Ras sig-
naling pathway, and expression of muscarinic receptor and
heterotrimeric G-proteins (Ref. 40). Insulin-induced phosphoryl-
ation of the FTase a-subunit also enhances Ras farnesylation41.
Thus, changes in cellular glucose levels or AMP:ATP ratios might
regulate protein prenylation via phosphorylation and FTase 
activation, and probably GGTase-I as well. To date it is not
known whether the shared FTase/GGTase-I a-subunit is also
phosphorylated in plants.

The above considerations do not preclude other mechanisms
that might regulate protein prenylation in plants, such as control-
ling the expression of FTase and GGTase genes, which has not
been extensively investigated42,43. The cellular substrate level of a
prenylation target protein might also be an important factor
because concentrations below the Km would probably result in
inefficient modification. In contrast with palmitoyl transferase
and N-myristyl transferase, the affinity of prenyl transferases
towards different protein substrates varies considerably depending
on the amino acid sequence context of the CaaX box44,45, and in
some proteins it also depends on the polybasic domain proximal
to the CaaX box24. Prenylation of specific signaling proteins might
significantly affect the activity of their pathways. Regulation of
prenylation might be further complicated by promiscuity between
FTase and GGTase-I. Both enzymes inefficiently prenylate sub-
strates that would usually be specific to FTase (CaaX) or GGTase
(CaaL), and GTase-I can also utilize FPP. This raises interesting

questions because recent experiments with mammalian RhoB
suggest a functional relevance for this alternative prenylation. The
RhoB GTPase is involved in actin cytoskeleton regulation, and
also plays a critical role in Ras-mediated transformation. Metabolic
labeling of cells with 3H-mevalonate show that most of RhoB is
geranylgeranylated, consistent with the CaaL motif, but a small
fraction is farnesylated also. FTase inhibitors (which do not
inhibit GGTase-I) suppress cellular transformation by oncogenic
RhoBVal14 and eliminate the population of farnesylated RhoB from
the cells46. Together, these results also have potential implications
for prenyl-transferase-modified plant proteins, and might explain
why era1-2, which lacks FTase activity, can survive. With the
molecular and biochemical tools now available, it should be possible
to clarify these questions and illuminate the cellular role and 
regulation of lipid modifications in plants.

Acknowledgements
Research in the laboratory of W.G. is supported by the US Dept of
Energy. We thank colleagues for critical reading of the manuscript.

References
1 Resh, M.D. (1994) Myristylation and palmitylation of Src family members:

the fats of the matter, Cell 76, 411–413
2 Bhatnagar, R.S. and Gordon, J.I. (1997) Understanding covalent modifications

of proteins by lipids: where cell biology and biophysics mingle, Trends Cell
Biol. 7, 14–20

3 Mumby, S.M. (1997) Reversible palmitoylation of signaling proteins, Curr.
Opin. Cell Biol. 9, 148–154

4 Clarke, S. (1992) Protein isoprenylation and methylation at carboxyl-terminal
cysteine residues, Annu. Rev. Biochem.61, 355–386

5 Schafer, W.R. and Rine, J. (1992) Protein prenylation: genes, enzymes, targets
and functions, Annu. Rev. Genet.30, 209–237

6 Zhang, F.L. and Casey, P.J. (1996) Protein prenylation: molecular
mechanisms and functional consequences, Annu. Rev. Biochem.65, 241–269

7 Rodríguez-Concepción, M., Yalovsky, S. and Gruissem, W. (1999) Protein
prenylation in plants: old friends and new targets, Plant Mol. Biol.39,
865–870

8 Ma, H. (1994) GTP-binding proteins in plants: new members of an old family,
Plant Mol. Biol. 26, 1611–1636

9 Mattoo, A.K. and Edelman, M. (1987) Intramembrane translocation and
posttranslational palmitoylation of the chloroplast 32-kDa herbicide-binding
protein, Proc. Natl. Acad. Sci. U. S. A.84, 1497–1501

10 Morales, J. et al. (1998) Plasma membrane localization of G-alpha-z requires
two signals, Mol. Biol. Cell9, 1–14

11 Booden, M.A. et al. (1999) A non-farnesylated Ha-Ras can be palmitoylated
and trigger potent differentiation and transformation, J. Biol. Chem.274,
1423–1431

12 Liu, L., Dudler, T. and Gelb, M.H. (1996) Purification of a protein
palmitoyltransferase that acts on H-ras protein and on a C-terminal N-ras
peptide, J. Biol. Chem.271, 23269–23276

13 Ames, J.B. et al. (1997) Molecular mechanics of calcium-myristoyl switches,
Nature389, 198–202

14 Rommens, C.M.T. et al.(1995) Use of a gene expression system based on
potato virus X to rapidly identify and characterize a tomato Pto homolog that
controls fenthion sensitivity, Plant Cell7, 249–257

15 Loh, Y.T., Zhou, J. and Martin, G.B. (1998) The myristylation motif of 
Pto is not required for disease resistance, Mol. Plant–Microbe Interact.11,
572–576

16 Ellard-Ivey, M. et al. (1999) Cloning, expression and N-terminal
myristoylation of CpCPK1, a calcium-dependent protein kinase from zucchini
(Cucurbita pepoL.), Plant Mol. Biol.39, 199–208

17 Kamiya, Y. et al. (1978) Structure of the rhodotorucine A, a novel lipopeptide,
inducing mating tube formation in Rhodosporidium toruloides, Biochem.
Biophys. Res. Commun.83, 1077–1083

444

trends in plant science
reviews

November 1999, Vol. 4, No. 11



18 Hancock, J.F. et al.(1989) All Ras proteins are polyisoprenylated but only
some are palmitoylated, Cell 57, 1167–1177

19 Fukada, Y. et al. (1990) Farnesylated g-subunit of photoreceptor G protein
indispensable for GTP binding, Nature 346, 658–660

20 Wolda, S.L. and Glomset, J.A. (1988) Evidence for modification of lamin B
by a product of mevalonic acid, J. Biol. Chem263, 5997–6000

21 De Smedt, F. et al. (1996) Post-translational modification of human brain type
I inositol-1,4,5-trisphosphate 5-phosphatase by farnesylation, J. Biol. Chem.
271, 10419–10424

22 Gibbs, J.B., Oliff, A. and Kohl, N.E. (1994) Farnesyltransferase inhibitors: ras
research yields a potential cancer therapeutic, Cell 77, 175–178

23 Rodríguez-Concepción, M. et al. (1999) Prenylation of a novel plant
calmodulin determines its subcellular localization, EMBO J.18, 
1996–2007

24 James, G.L., Goldstein, J.E. and Brown, S.K. (1995) Polylysine and CVIM
sequences of K-RasB dictate specificity of prenylation and confer resistance 
to benzodiazepine peptidomimetic in vitro, J. Biol. Chem.270, 
6221–6226

25 Crowell, D.N., Sen, S.E. and Randall, S.K. (1998) Prenylcysteine alpha-
carboxyl methyltransferase in suspension-cultured tobacco cells, 
Plant Physiol. 118, 115–123

26 Choy, E. et al. (1999) Endomembrane trafficking of Ras: the CAAX motif
targets proteins to the ER and Golgi, Cell 98, 69–80

27 Loraine, A.E. et al.(1996) Tomato Rab1A homologs as molecular tools for
studying Rab geranylgeranyl transferase in plant cells, Plant Physiol.110,
1337–1347

28 Yalovsky, S., Loraine, A.E. and Gruissem, W. (1996) Specific prenylation of
tomato Rab proteins by geranylgeranyl type-II transferase requires a
conserved cysteine–cysteine motif, Plant Physiol.110, 1349–1359

29 Morehead, T.A. et al.(1995) Changes in protein isoprenylation during growth
of suspension-cultured tobacco cells, Plant Physiol.109, 277–284

30 Qian, D. et al. (1996) Protein farnesyltransferase in plants: molecular
characterization and involvement in cell cycle control, Plant Cell8,
2381–2394

31 Cutler, S. et al. (1996) A protein farnesyl transferase involved in ABA signal
transduction in Arabidopsis, Science273, 1239–1241

32 Pei, Z-M. et al. (1998) Role of farnesyltransferase in ABA regulation of guard
cell anion channels and plant water loss, Science282, 287–290

33 Biermann, B.J. et al. (1994) Novel isoprenylated proteins identified by an
expression library screen, J. Biol. Chem.269, 25251–25254

34 Zhu, J-K., Bressan, R.A. and Hasegawa, P.M. (1993) Isoprenylation of the
plant molecular chaperone ANJ1 facilitates membrane association and
function at high temperature, Proc. Natl. Acad. Sci. U. S. A.90, 8557–8561

35 Trainin, T., Shmuel, M. and Delmer, D.P. (1996) In vitro prenylation of the
small GTPase Rac13 in cotton, Plant Physiol.112, 1491–1497

36 Li, H. et al. (1998) ArabidopsisRho-related GTPases: differential gene
expression in pollen and polar localization in fission yeasts, Plant Physiol.
118, 407–417

37 Lin, Y. et al.(1996) Localization of a Rho GTPase implies a role in tip 
growth and movement of the generative cell in pollen tubes,Plant Cell8,
293–303

38 Chappell, J. (1995) The biochemistry and molecular biology of isoprenoid
metabolism, Plant Physiol.107, 1–6

39 Lichtenthaler, H.K., Rohmer, M. and Schwender, J. (1997) Two independent
biochemical pathways for isopentenyl diphosphate and isoprenoid
biosynthesis in higher plants, Physiol. Plant.101, 643–652

40 Gadbut, A.P. et al. (1997) Induction of the cholesterol metabolic pathway
regulates the farnesylation of RAS in embryonic chick heart cells: a new role
for ras in regulating the expression of muscarinic receptors and G proteins,
EMBO J.16, 7250–7260

41 Goalstone, M.L. et al. (1998) Effect of insulin on farnesyltransferase:
specificity of insulin action and potentiation of nuclear effects of insulin-like
growth factor-1, epidermal growth factor, and platelet-derived growth factor,
J. Biol. Chem.273, 23892–23896

42 Schmitt, D. et al.(1996) Molecular and biochemical characterization of
tomato farnesyl-protein transferase, Plant Physiol.112, 767–777

43 Zhou, D. et al.(1997) Developmental and environmental regulation of tissue-
and cell-specific expression for a pea protein farnesyltransferase gene in
transgenic plants,Plant J.12, 921–930

44 Reiss, Y. et al. (1991) Sequence requirement for peptide recognition by rat
brain p21ras protein farnesyltransferase, Proc. Natl. Acad. Sci. U. S. A.88,
732–736

45 Trueblood, C.E., Boyartchuk, V.L. and Rine, J. (1997) Substrate specificity
determinants in the farnesyltransferase b-subunit, Proc. Natl. Acad. Sci. 
U. S.  A.94, 10774–10779

46 Lebowitz, P.F. et al.(1997) Farnesyltransferase inhibitors alter the prenylation
and growth-stimulating function of RhoB, J. Biol. Chem.272, 15591–15594

47 Tregear, J.W. et al.(1996) An unusual protein kinase displaying
characteristics of both the serine–threonine and tyrosine families is encoded by
the Arabidopsis thalianagene ATN1, Plant Sci.117, 107–119

48 Seabra, M.C. et al. (1992) Purification of component A of Rab geranylgeranyl
transferase: possible identity with the choroidermia gene product, Cell 70,
1049–1057

49 Peitzsch, R.M. and McLaughlin, S. (1993) Binding of acylated peptides and
fatty acids to phospholipid vesicles: pertinence to myristylated proteins,
Biochemistry32, 10436–10443

50 Halford, N.G. and Hardie, D.G. (1998) SNF1-related protein kinases: global
regulators of carbon metabolism in plants? Plant. Mol. Biol.37, 735–748

445

trends in plant science
reviews

November 1999, Vol. 4, No. 11

Shaul Yalovsky, Manuel Rodríguez-Concepción and 
Wilhelm Gruissem* are at the Dept of Plant and Microbial Biology,
University of California, 111 Koshland Hall, Berkeley, 
CA 94720-3102, USA. 

*Author for correspondence (tel 11 510 642 1079; 
fax 11 510 642 4995; 
e-mail gruissem@nature.berkeley.edu).

Letters to Trends in Plant Science

Correspondence in Trends in Plant Science may

address topics raised in very recent issues of the

magazine, or other matters of general current interest

to plant scientists. Letters should be no more than

700–800 words long with a maximum of 12 references

and one small figure. Letters should be sent, together

with an electronic copy on disc to the Editor (or e-mail

your text to plants@current-trends.com). The decision

to publish rests with the Editor, and the author(s) of

any article highlighted in Correspondence will

normally be invited to reply.


