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The function of palmitoylation will depend on the pro-
tein that is being considered. Palmitoylation increases
the hydrophobicity of proteins and contributes to their
membrane association. Progress has been made in our
understanding of protein S-palmitoylation as one of a
repertoire of dynamic post-translational protein modifi-
cations that can control protein trafficking, localization,
partitioning into domains, protein—protein interactions
and functions. Some light has also been shed on the
enzymology of palmitoylation. However, much needs
to be learnt about the sequence motifs specific for enzy-
matic and non-enzymatic palmitoylation and on the
battery of proteins that are likely to mediate enzy-
matic palmitoylation—depalmitoylation cycles. With the
development of knowledge, inhibitors of palmitoyla-
tion may find use as drugs in the foreseeable future.
The purpose of this review will be to overview some of
the recent advances in our understanding of the
mechanisms and function of protein S-palmitoylation.

THE covalent attachment of lipid moieties to proteins takes
place in many forms best studied in eukaryotic and viral
systems. The well recognized forms are: the co-trans-
lational amino-terminal myristoylation of cytosolic pro-
teins; the modification of plasma membrane proteins with
glycosylphosphatidyl inositol, the carboxyterminal iso-
prenylation of cytoplasmic proteins and the post-trans-
lational addition of palmitic acid to many integral and
peripheral membrane proteinsH. S-palmitoylation is the
reversible addition of palmitate to proteins on cysteine
residues via a thioester linkage. N-palmitoylation is the ad-
dition of palmitate in amide linkage to the N-terminal cys-
teine residues of proteins. It was first reported for the
secreted signaling protein sonic hedgehog.

Proteins that are S-palmitoylated can be broadly classi-
fied into four groups (Figure 1). One group of transmem-
brane proteins is palmitoylated on cysteine residues located
in close proximity to transmembrane domains. This group
is exemplified by a large number of G-protein coupled
receptors such as the V2 vasopressin receptor (V2R). The
second group of proteins is first myristoylated at an N-
terminal glycine residue* as in the case of endothelial ni-
tric oxide synthase (e-NOS), certain Src-family tyrosine
kinases and certain G, subunits. A third group of proteins
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including H-Ras and N-Ras is first farnesylated at a C-
terminal CAAX box and then modified at a nearby cys-
teine residue’. Finally, the last group includes peripheral
membrane proteins modified with palmitate only, such as
the neuronal proteins SNAP25 and GAP43.

The function of palmitoylation will depend on the protein
that is being considered. Palmitoylation increases the hydro-
phobicity of proteins and contributes to their membrane
association. Palmitoylation also appears to play an impor-
tant role in subcellular trafficking of proteins between
membrane compartments, as well as in modulating pro-
tein—protein interactions'>**®*, The purpose of this review
will be to overview some of the recent advances in our
understanding of the mechanisms and function of protein
S-palmitoylation.

S-palmitoylation in localization, targeting and
trafficking of proteins

In cytosolic proteins exemplified by a group of non-recep-
tor tyrosine kinases and G, subunits of heterotrimeric G
proteins, palmitate is found attached close to myristic
acid. Newly synthesized Src family kinases and G, subunits
are co-translationally myristoylated, but they do not stably
associate with membranes until palmitoylation has occur-
red’ ">, Such dually acylated proteins often have positi-
vely charged amino acids around the palmitoylation sites.
Appending N-terminal targeting sequences to green
fluorescent protein (GFP), it has been demonstrated that

g
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Figure 1. Different classes of palmitoylated proteins. @, G-protein

coupled receptors (GPCRs) are palmitoylated on cysteine residues
close to their transmembrane domains. b, G subunits are myristoylated
at an N-terminal glycine residue and also palmitoylated near their N-
terminus. ¢, The Ras family of proteins is farnesylated at a C-terminal
CAAX box and also modified near the C-terminus. d, Peripheral mem-
brane proteins such as SNAP25 are modified with palmitate only.
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in addition to myristoylation, palmitoylation or the pres-
ence of a polybasic domain is required for plasma mem-
brane targeting'’. The precise position of the palmitate
can also influence distribution: in Lck, mutation of Cys5
but not Cys3 results in accumulation of the protein in the
Golgi region of transfected NIH-3T3 cells'.

Ras proteins are prenylated at their C-termini and sev-
eral, including H-Ras and N-Ras, are also palmitoylated.
Palmitoylated H-Ras and N-Ras are associated to some
extent with the Golgi apparatus. Brefeldin A (BFA)
treatment causes these Ras proteins to accumulate on in-
tracellular membranes without reducing palmitate incor-
p01‘ati0n15'16. By contrast, the nonpalmitoylated K-Ras is
not found in the Golgi region. Its transport is unaffected
by BFA. Palmitoylation of H-Ras and N-Ras therefore
determines Golgi targeting and transport to the plasma
membrane. The recent knowledge of palmitoylation in re-
lation to protein transport is summarized in Figure 2.

The targeting of proteins to axons and dendrites in neu-
rons is influenced by changes around protein palmitoyla-
tion sites. Post-synaptic density protein 95 (PSD-95)
normally localizes to dendrites, but deleting the amino
acids between the palmitoylated cysteines allows trans-
port into axons as well'”.

Palmitoylation of signaling proteins has, in several in-
stances, been linked to localization of these proteins into
cholesterol and sphingolipid-enriched domains as in the
case of Src family kinases and some Gy, subunits”. It has
been suggested that signal transduction could be regu-
lated, in part, by sequestering signaling proteins into dif-
ferent plasma membrane domains until they are brought
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Figure 2. Trafficking of palmitoylated proteins. @, Some transmem-
brane proteins are palmitoylated at the Golgi and follow the normal
route through the exocytic pathway to the plasma membrane (PM).
Transport is blocked by brefeldin A (BFA). b, Cytosolic proteins such
as Ras are palmitoylated at the Golgi membrane and then transported to
the plasma membrane. Transport is blocked by BFA. ¢, Palmitoylation
of proteins such as Gy, occurs at the plasma membrane after transport
from the Golgi. d, Cytosolic proteins such as Fyn are palmitoylated at
the plasma membrane without the involvement of Golgi membrane traf-
ficking. Pathways ¢ and d are not inhibited by BFA.
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together by an activating signal. Engineered forms of Lck
that are attached to membranes through a transmembrane
domain (TMD), rather than through acylation, show redu-
ced association with detergent-resistant membrane fractions
and reduced signaling activity'®. Similarly, mutation of the
palmitoylation sites on LAT, a transmembrane adaptor pro-
tein that is essential for TCR signaling, abrogates both raft
localization and T-cell activation'’. The TCR co-receptors
CD4 and D8 are palmitoylated and associate with rafts* %,
Palmitoylation and raft localization of the Src family
kinase Lyn is required for Fc epsilon RI signaling23‘24.

Palmitoylation has a role in n'afﬁckingzs‘z". Mutants of
carboxypeptidase D that lack palmitoylation sites have an
increased half-life and a slower rate of exit from the
Golgi27. Palmitoylation facilitates transport of the newly
synthesized chemokine receptor CCRS5 to the plasma
membrane. Non-acylated CCR5 that does reach the cell
surface is compromised in its ability to couple to signal-
ing pathways activated by chemokine agonists and in en-
docytosis through clathrin-coated vesicles™?’. Palmitoylation
of a cysteine-rich sequence CCCPCC of the Ca”*-dependent
phospholipid scramblase is necessary for its trafficking to
the plasma membrane®. The transport of two neuronal
palmitoylated proteins, SNAP25 and GAP43, has been
studied using chimeras of green fluorescent protein (GFP)
in living cells’'. SNAP25, (a t-SNARE) functions in the
fusion and exocytosis of secretory vesicles. It is palmi-
toylated on cysteines located in its central domain®.
GAP43 is palmitoylated at its N-terminus™. The transport
of both these proteins from their site of accumulation at
the trans-Golgi network to the plasma membrane is nec-
essary for palmitoylation. BFA inhibits palmitoylation of
both proteins underlining the requirement of functional
Golgi membrane-dependent trafficking for palmitoylation®*.
The palmitoylation of these proteins thus requires func-
tional Golgi membranes either to deliver the proteins to a
specific location or, perhaps, to facilitate the reaction itself.
On the other hand, the ER to plasma membrane trafficking
of the Ras2p protein of Saccharomyces cerevisiae occurs in
a non-classical palmitoylation-dependent manner”.

Palmitoylation in protein function

Activation of G-protein-coupled receptors by peptides
and hormones catalyses the exchange of GDP with GTP
on the o-subunit of its associated heterotrimeric G protein.
The active, GTP-bound form of the a-subunit interacts with
effectors, initiating a signaling cascade. Deactivation of this
signaling pathway is mediated by the intrinsic GTPase acti-
vity of o-subunits, which is accelerated by cognate GTPase
activating proteins (GAPs) and the regulators of G-protein
signaling (RGS proteins). The role of internal palmitoyla-
tion in RGS16 localization and GAP activity has been
analysed. Enzymatic palmitoylation of RGS16 results in
internal palmitoylation on residue Cys-98. Mutation of
RGS16 Cys-98 to alanine reduces GAP activity on the 5-
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HT A/Gyo fusion protein. Palmitoylation of a Cys residue
in the RGS box is critical for RGS16 and RGS4 GAP acti-
vity and their ability to regulate Gj-coupled signaling in
mammalian cells. The amino-terminal palmitoylation of
an RGS protein also promotes its lipid raft targeting that
allows palmitoylation of a poorly accessible cysteine resi-
due”.

The shape and mechanical stability of the erythrocyte
membrane is maintained by proteins constituting a fila-
mentous scaffold, the membrane cytoskeleton, underlying
the lipid bilayer. The human erythrocyte has been the best
studied model for understanding the molecular mecha-
nisms governing maintenance of membrane deformability
and stability. The cytoskeleton is composed mainly of
spectrin tetramers held together at their junctions by short
actin filaments. The linkage of spectrin to the bilayer is
mediated by interactions of ankyrin with B spectrin and
the cytoplasmic domain of band 3. In human erythro-
cytes, band 3 further associates with another 72000 M,
peripheral membrane protein, namely band 4.2. Human
erythrocyte protein 4.2 is a major protein in the mem-
brane skeletal network that associates with the cytoplas-
mic domain of the anion exchanger, band 3. The site of
palmitoylation of protein 4.2 has been mapped in our
laboratory to cysteine 203. Using recombinant derivatives
of protein 4.2 it has been demonstrated that the palmitoy-
lable cysteine residue resides within a 22-residue domain
of the protein which is crucial for its binding to band 3
(ref. 38). Band 3-binding of protein 4.2 has been shown
to be modulated by palmitoylation, providing the first
evidence of protein palmitoylation as a potential modula-
tor of membrane—cytoskeleton interactions.

The role of palmitoylation in protein—protein interac-
tion is also supported by the report that oligomerization
of PSD-95 requires palmitoylation of two cysteine resi-
dues within its N-terminal domain. Disrupting palmitoy-
lation disrupts PSD-95/K” channel clusters™.

The best evidence of S-palmitoylation as a regulator of
enzyme activity is the case of the mitochondrial methyl-
malonyl semialdehyde dehydrogenase (MMSDH). It is
acylated by an [-labeled analogue of myristoyl-CoA on
an active site cysteine, resulting in enzyme inhibition™.
This observation together with evidence that palmitoyl-CoA
inhibits the activity of several mitochondrial enzymes
suggest a regulatory role of S-acylation in metabolism*' ™,
In the case of carbamoyl-phosphate synthetase I, Corvi et al®
have presented evidence that active site S-palmitoylation
occurs spontaneously at physiological concentrations of
palmitoyl-CoA. Inhibition of CPSI by long chain fatty
acyl-CoAs might serve to reduce the extent of amino acid
degradation during starvation.

Palmitoylation motifs

Palmitoylation motifs are poorly characterized till date.
In the case of transmembrane proteins, palmitoylation
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occurs either close to the transmembrane domain (TMD)/
cytoplasmic domain (CD) boundary, or is located in the
CD. In the case of the GPCRs there is a greater propor-
tion of hydrophobic basis residues in the vicinity of the
palmitoylated cysteine(s). Systematic substitution of the
amino acids flanking the palmitoylated cysteine of pep-
tides derived from the [,-adrenergic receptor sequence
has demonstrated that basic and hydrophobic amino acids
next to the palmitoylated cysteine play a crucial role at
least in an in vitro acylation process” These residues
could presumably favour peptide interactions with the
CoA polar head and the acyl chain of the palmitoyl-CoA.
These results suggest a possible requirement for specific-
ity in the amino acid sequence around the palmitoylation
sites. However, this is not the case for all GPCRs. For the
o, —AR, the deletion of positively charged residues from
the CD has no effect on palmitoylation“.

Most palmitoylated cysteines are found within ten resi-
dues on either side of the TMD/CD boundary. However, the
acylation of CD cysteines that are further from a TMD
also occurs in several proteins. Exemplary of this is the
cation-independent mannose 6-phosphate receptor (MPR)
in which palmitoylation occurs 34 residues from the TMD*/
and the envelope (Env) protein of human immunodefi-
ciency virus*.

In cytosolic proteins, palmitate is attached either close
to N-terminal myristoyl or C-terminal prenyl groups. Src
family kinases and G, subunits are co-translationally my-
ristoylated, but can stably associate with membranes only
when palmitoylated’'?. Such dually acylated proteins often
have positively charged amino acid residues around the
palmitoylation sites which may be necessary to enhance
membrane binding®. Hydrophobic residues that neigh-
bour a cysteine can influence palmitoylation in some cyto-
solic proteins such as eNOS (ref. 50).

The importance of hydrophobic residues around the
sites of palmitoylation is also exemplified by the scaf-
folding protein PSD-95 (refs 51-53).

Mechanisms of protein palmitoylation

Our understanding of dynamic protein palmitoylation as a
cellular control mechanism has been limited by the lack
of detailed knowledge about the enzymology of palmitoy-
lation, and by the lack of understanding of principles dis-
tinguishing enzymatic versus spontaneous S-acylation.
Several recent reports have described novel palmitoyl-
transferases’ **. Protein palmitoyl acyltransferase (PAT)
activity has been found in plasma membranes, Golgi and
mitochondrial membranes™. PAT activity has also been
found to be enriched in sphingomyelin and cholesterol
rich membrane microdomains.

Our search for the PAT from human erythrocytes was
based on our own observations and that of other laborato-
ries that protein-bound palmitate associated with erythrocyte
membrane proteins turns over®”®'. Moreover, palmito-
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ylating activity has been demonstrated in human erythro-
cyte ghosts®”. The PAT from human erythrocytes was the
first enzyme of its class to be purified”’. Whether the
plasma membrane-associated PAT from erythrocytes is
identical to, or different from PAT activities associated
with other membranes®®’ needs to be evaluated.

Very recently, a protein complex comprising two pro-
teins Erf2p and Erf4p has been identified as a Ras palmi-
toyltransferase in yeastﬁﬁ. Erf2p is a 41 kDa protein
localized to the endoplasmic reticulum and containing a
conserved DHHC cysteine-rich domain. Erf4p is neces-
sary for stable expression or solubilization of Erf2p from
yeast cells, suggesting that it may act as a chaperone for
Erf2p. Erf2p/Erf4p carries out palmitoylation preferen-
tially on Ras substrates. The second DHHC cysteine-rich
domain protein to be identified as a palmitoyltransferase
is Arlp which palmitoylates the casein kinase Yck2p in
vitro®’. The protein has six predicted transmembrane do-
mains and localizes in the Golgi. Many more PAT activi-
ties may exist.

Skinny hedgehog is a typical Drosophila palmitoylating
enzyme which palmitoylates Sonic hedgehog, a Drosophila
protein attached to the outer leaflet of the plasma mem-
brane. However, it does this through an amide-linked pal-
mitoyl moiety®®.

The functions of palmitoylation are diverse. Palmitoyla-
tion increases the hydrophobicity of proteins or protein
domains and contributes to their membrane association.
Palmitoylation may modulate protein—protein interactions
and also subcellular trafficking of proteins between mem-
brane organelles and within microdomains of the same
membrane compartments. In all likelihood distinct palmi-
toyltransferases recognize distinct palmitoylation motifs in
different classes of proteins. Given the diverse nature of
palmitoylated proteins, it would not be surprising if there
were multiple protein acyltransferases. Two protein
palmitoylthioesterases, one a lysosomal hydrolase (PPT1)
and the other a cytoplasmic enzyme (APT1), have been
identified and characterized. In both cases, crystal struc-
tures have been determined, providing insight into the
mechanism of the thioesterase reaction. However, there
are likely to be other palmitoyl thioesterases at other sub-
cellular locations, controlling cycles of palmitoylation
and depalmitoylation.

The cellular site of palmitoylation has not been exten-
sively investigated. Palmitoylation of vesicular stomatitis
virus glycoprotein (VSV-G) and sindbis virus glycopro-
tein E1 occurs early in the exocytic pathway. When cells
are incubated at 15°C, these proteins are not transported
from the ER and palmitoylation is blocked. Restoration of
transport leads to palmitoylation before aspartate-linked
oligosaccharides are trimmed, which implicates the cis-
Golgi as a possible site of palmitoylation®.

In the absence of cellular factors, palmitoyl-CoA is capa-
ble of spontaneously S-acylating cysteinyl thiols of sev-
eral proteins. This can occur in the context of short
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peptides as well as folded proteins. For example, peptides
derived from palmitoylated proteins such as myristoyl-
GCG, myristoyl-GCV, and IRYCWLRR undergo sponta-
neous S-acylation in the presence of palmitoyl-CoA and
large unilamellar vesicles’"’'. Under similar conditions,
rhodopsin undergoes spontaneous S-acylation with a K,
of approximately 40 uMn. Interestingly, the efficiency of
spontaneous palmitoylation varies. A peptide derived
from myelin PO glycoprotein (RYCWLRR) is efficiently
acylated using palmitoyl-CoA”".

Autoacylation of Gjy; has been shown to be influenced
by the position of basic amino acids which may create a
favourable environment for thiol anion formation”".
Autoacylation can also be influenced by the presence of an
associated subunit as is seen in the case of the Ggy subunit
enhancing the spontaneous palmitoylation of Gioy . At-
tempts to autoacylate other known palmitoylated proteins
in vitro, including SNAP-25, GAP-43, and Fyn kinase,
have not met with success.

Palmitate turnover

For several palmitoylated proteins, the half life of the
palmitate moieties is significantly shorter than that of the
proteins, indicating that the complex goes through cycles
of depalmitoylation and repalmitoylation. The reversibil-
ity of palmitoylation suggests that it is a regulated modi-
fication much like protein phosphorylation. Given that
palmitoylation provides a mechanism for binding cytoso-
lic proteins to membranes, or for segregating proteins to
microdomains, or for mediating protein—protein interac-
tion, depalmitoylation and repalmitoylation could provide
a mechanism to regulate these processes. For proteins
involved in signal transduction, these cycles could be in-
duced by activation and, by controlling access to specific
substrates, could regulate signaling. Palmitate cycling on
PSD-95 has been proposed to modulate synaptic strength
by controlling the postsynaptic density of DL-0-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)
receptors. As an example, palmitoylation allows PSD-95
to cluster in the postsynaptic membrane. Blocking PSD-
95 palmitoylation leads to a loss of AMPA receptors from
these domains, and the rapid endocytosis of AMPA recep-
tors requires depalmitoylation of PSD-95 (ref. 7). Agonist-
induced increase in palmitate turnover has been observed
for Bo-AR, Ggs and e-NOS™ 77,

Concluding remarks

In summary, progress has been made in our understand-
ing of protein S-palmitoylation as one of a repertoire of
dynamic post-translational protein modifications that can
control protein trafficking, localization, partitioning into
domains, protein—protein interactions and functions. Some
light has also been shed on the enzymology of palmitoy-
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lation. However, much needs to be learnt about the se-
quence motifs specific for enzymatic and non-enzymatic
palmitoylation and on the battery of proteins that are
likely to mediate enzymatic palmitoylation—depalmitoyla-
tion cycles. With the development of knowledge, inhibitors
of palmitoylation may find use as drugs in the foreseeable
future.

[

16.

17.

18.

19.

el
(=1

[SE RN Y
o —

23,

24,

25.

216

. Bijlmakers, M.-J. and Marsh, M., Trends Cell Biol., 2003, 13, 32—

42,

. Resh, M. D., Biochim. Biophys. Acta, 1999, 1451, 1-16.
. Casey, P. J. and Seabra, M. C., J. Biol. Chem., 1996, 271, 5289

5292.

. Dunphy, J. T. and Linder, M. E., Biochim. Biophys. Acta, 1998,

1436, 245-261.

. Hancock, J. F., Magee, A. L., Childs, J. E. and Marshall, C. J.,

Cell, 1989, 57, 1167-1177.

. Milligan, G., Parenti, M. and Magee, A. 1., Trends Biochem. Sci.,

1995, 20, 181-187.

. El-Husseini, A.-D. and Bredt, D. S., Nat. Rev. Neurosci., 2002, 3,

191.

. Silvius, 1. R., J. Membr. Biol., 2002, 190, 83-92.
. Alland, L., Peseckis, S. M., Atherton., R. E., Berthiaume, L. and

Resh, M. D., J. Biol. Chem., 1994, 269, 16701-16705.

. Kwong, I. and Lublin, D. M., Biochem. Biophys. Res. Commun.,

1995, 207, 868-876.

. Shenoy-Scaria, A. M., Gauen, L. K., Kwong, J., Shaw, A. S. and

Lublin, D. M., Mol. Cell Biol., 1993, 13, 6385-6392.

. Yurchak, L. K. and Sefton, B. M., Mol. Cell Biol., 1995, 15,

6914-6922.

. McCabe, J. B. and Berthiaume, L. G., Mol. Biol. Cell, 1999, 10,

3771-3786.

. Bijlmakers, M. I., Isobe-Nakamura, M., Ruddock, L. J. and Marsh,

M., J. Cell Biol., 1997, 137, 1029-1040.

. Choy, E., Chiu, V. K., Silletti, J., Feoktistov, M., Morimoto, T.,

Michaelson, D., Ivanov, I. E. and Philips, M. R., Cell, 1999, 98,
69-80.

Apolloni, A., Prior, I. A., Lindsay, M., Parton, R. G. and Hancock,
1. F., Mol. Cell Biol., 2000, 20, 2475-2487.

El-Husseini, A.-D., Craven, S. E., Brock, S. C. and Bredt, D. S., J.
Biol. Chem., 2001, 276, 44984-44992.

Kabouridis, P. S., Magee, A. I. and Ley, S. C., EMBO J., 1997, 16,
4983-4998.

Zhang, W., Trible, R. P. and Samelson, L. E., Immunity, 1998, 9,
239-246.

. Crise, B. and Rose, I. K., J. Biol. Chem., 1992, 267, 13593~

13597.

. Arcaro, A. et al., J. Exp. Med., 2001, 194, 1485-1495.
. Arcaro, A., Gregoire, C., Boucheron, N., Stotz, S., Palmer, E.,

Malissen, B. and Luescher, 1. F., J. Immunol., 2000, 165, 2068—
2076.

Brown, D. A. and London, E., Annu. Rev. Cell Dev. Biol., 1998,
14, 111-136.

Sheets, E. D., Holowaka, D. and Baird, B., Curr. Opin, Chem.
Biol., 1999, 3, 95-99.

Alvarez, E., Girones, N. and Davis, R. I., J. Biol. Chem., 1990,
265, 16644-16655.

. Yik, J. H., Saxena, A., Weigel, J. A. and Weigel, P. H., J. Biol.

Chem., 2002, 277, 40844-40852.

. Kalinina, E. V. and Fricher, L. D., J. Biol. Chem., 2003, 278,

9244-9249.

. Blanpain, C. et al., J. Biol. Chem., 2001, 276, 23795-23804.
. Kraft, K., Olbrich, H., Majoul, 1., Mack, M., Proudfoot, A. and

Oppermann, M., J. Biol. Chem., 2001, 276, 34408-34418.

30.

31.

33.
34.

35.
36.
37.
38.

39.

40.

41.

43.

44,

45.

46.

47.

48.

49.

50.

53.
54.

55.

56.

57.

58.

59.

60.
61.

63.

64.

65.

Wiedmer, T., Zhao, J., Nanjundan, M. and Sims, P. I., Biochemis-
try, 2003, 42, 1227-1233.

Nakata, T., Terada, S. and Hirokawa, N., J. Cell Biol., 1998, 140,
659-674.

2. Hess, D. T., Slater, T. M., Wilson, M. C. and Skene, J. H., J. Neu-

rosci., 1992, 12, 4634-4641.

Skene, J. H. and Virag, L., J. Cell Biol., 1989, 108, 613-624.
Gonzalo, S. and Linder, M. E., Mol. Biol. Cell, 1998, 9, 585-
597.

Dong, X., Mitchell, D. A, Lobo, S., Zhao, L., Bartels, D. J. and
Deschenes, R. J., Mol. Cell Biol., 2003, 23, 6574-6584.

James, L. et al., J. Biol. Chem., 2003, 278, 19309-19316.

Abel, H. et al., J. Biol. Chem., 2003, 278, 19301-19308.
Bhattacharyya, R., Das, A. K., Moitra, P. K., Pal, B., Mandal, 1.
and Basu, J., Biochem. J., 340, 505-512.

Christopherson, K. S., Sweeney, N. T., Craven, S. Z., Kang, R.,
El-Husseini, A.-D. and Bredt, D. S., /. Cell Sci., 2003, 116, 3213~
3219.

Berthiaume, L., Deichaite, 1., Peseckis, S. and Resh, M. D., J.
Biol. Chem., 1994, 269, 6498-6505.

Moore, K. H., Dandurand, D. M. and Kiechle, F. L., Int. J. Bio-
chem., 1992, 24, 809-814.

2. Morel, F., Lauquin, G., Lunardi, J., Duszynski, J. and Vignais,

P. V., FEBS Lett., 1974, 39, 133-138.

Kawaguchi, A. and Bloch, K., J. Biol. Chem., 1976, 251, 1406—
1412.

Corvi, M. M., Soltys, C.-L. M. and Berthiaume, L. G., J. Biol.
Chem., 2001, 276, 45704-45712.

Belanger, C., Ansanay, H., Qanbar, R. and Bouvier, M., FEBS
Lett., 2001, 499, 59-64.

Kennedy, M. E. and Limberd, L. E., J. Biol. Chem., 1994, 269,
31915-31922.

Schweizer, A., Kornfeld, S. and Rohrer, 1., J. Cell Biol., 1996,
132, 577-584.

Yang, C., Spies, C. P. and Compans, R. W., Proc. Natl. Acad. Sci.
US4, 1995, 92, 9871-9875.

Liang, X., Lu, Y., Neubert, T. A. and Resh, M. D., J. Biol. Chem.,
2002, 277, 33032-33040.

Liu, J., Hughes, T. E. and Sessa, W. C., J. Cell Biol., 1997, 137,
1525-1535.

1. Topinka, J. R. and Bredt, D. S., Neuron, 1998, 20, 125-134.
2. El-Husseini, A. E., Craven, S. E., Chetkovich, D. M., Firestein, B.

L., Schnell, E., Aoki, C. and Bredt, D. S., J. Cell Biol., 2000, 148,
159-172.

Skene, J. H. and Virg, 1., J. Cell Biol., 1998, 108, 613-624.
Chamoun, Z., Mann, R. K., Nellen, D., von Kessler., D. P., Bel-
lotto, M., Beachy, P. A. and Basler, K., Science, 2001, 293, 2.
Lee, J. D. and Treisman, J. E., Curr. Biol., 2001, 11, 1147-
1152.

Micchelli, C. A., The, I., Selva, E., Mogila, V. and Perrimon, N.,
Development, 2002, 129, 843-851.

Lobo, S., Greentree, W. K., Linder, M. E. and Deschenes, R. I., J.
Biol. Chem., 2002, 277, 41268-41273.

Roth, A. F., Feng, Y., Chen, L. and Davis, N. G., J. Cell. Biol.,
2002, 159, 23-28.

Dunphy, I. T., J. Biol. Chem., 1996, 271, 7154-7159.

Staufenibel, M., J. Biol. Chem., 1988, 263, 13615-13622.

Das, A. K., Kundu, M., Chakrabarti, P. and Basu, J., Biochim.
Biophys. Acta, 1992, 1108, 128-132.

2. Schmidt, M. F. G., Mclllhinney, R. A. J. and Burns, G. R., Bio-

chim. Biophys. Acta, 1995, 1257, 205-213.

Das, A. K., Dasgupta, B., Bhattacharya, R. and Basu, J., J. Biol.
Chem., 1997, 272, 11021-11025.

Berthiaume, L. and Resh, M. D., J. Biol. Chem., 1995, 270,
22399-22405.

Liu, L., Dudler, T. and Gelb, M. H., J. Biol. Chem., 1996, 271,
23269-23276.

CURRENT SCIENCE, VOL. 87,NO. 2, 25 JULY 2004



SPECIAL SECTION: MEMBRANE PROTEINS

66. Lobo, S., Greentree, W. K., Linder, M. E. and Deschenes, R. J., J.
Biol. Chem., 2002, 277, 41268-41273.

67. Roth, A. F., Feng, Y., Chen, L. and Davis, N. G., J. Cell Biol.,
2002, 159, 23-28.

68. Pepinsky, R. B. et al., J. Biol. Chem., 1998, 273, 14037-14045.

69. Bonatti, S., Migliaccio, G. and Simons, K., /. Biol. Chem., 1989,
264, 12590-12595.

70. Quesnel, S. and Silvious, J. R., Biochemistry, 1994, 33, 13340-
13348.

71. Bharadwaj, M. and Bizzozero, O. A., J. Neurochem., 1995, 65,
1805-1815.

72. O’Brien, P. J., St. Jules, R. S., Reddy, T. S., Bazan, N. G. and
Zatz, M., J. Biol. Chem., 1987, 262, 5210-5215.

73. Duncan, J. A. and Gilman, A. G., J. Biol. Chem., 1996, 271,
23594-23600.

74. Bizzozero, O. A., Bixler, H. A. and Pastuszyn, A., Biochim. Bio-
phys. Acta, 2001, 1545, 278-288.

75. Mumby, S. M., Curr. Opin. Cell Biol., 1997, 9, 148-154.

76. Huang, C., Duncan, J. A, Gilman, A. G. and Mumby, S. M., Proc.
Natl. Acad. Sci. US4, 1999, 96, 412-417.

77. Robinson, L., Busconi, L. and Michel, T., J. Biol. Chem., 1995,
270, 995-998.

ACKNOWLEDGEMENTS. 1 acknowledge grants from the Depart-
ment of Science and Technology and the Department of Biotechnology.

MEETINGS/SYMPOSIA/SEMINARS

SERC Winter School on Geological Mapping of Sedimentary Ter-
rain in Cuddapah Basin, Kurnool area, Andhra Pradesh

Date: January 2005
Place: Hyderabad

The course is for a period of four weeks. It will essentially be a field
training with relevant lectures and practical exercises. The course is
open to research scholars, lecturers from universities, colleges and pro-
fessional geologists from Central and State organizations and institu-
tions who have interest in geological mapping of sedimentary terrains.
Contact: Deputy Director General

GSI Training Institute

Bandlaguda

Hyderabad 500 068

Phone: 040-24220681

Fax: 040-24220680

E-mail: hyd2 gsitihyd@sancharnet.in
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Workshop on Molecular Modelling and Pharmainformatics

Date: 1-5 November 2004
Place: S.A.S Nagar

Topics include: Molecular modelling, Energy minimization, Conforma-
tional analysis, Molecular docking, 3D QSAR, Bioinformatics, Chemo-
informatics, Pharmainformatics, etc.

Dr. Prasad V. Bharatam

National Institute of Pharmaceutical Education and Research
Sector 67

S.A.S. Nagar 160 062

Phone: 0172-2214684

Fax: 0172-2214692

E-mail: wmmpO4@niper.ac.in

Contact:
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