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Abstract Palmitoylation is a post-translational modification
that occurs on selected cysteines of many proteins. Since a high
proportion of basic and hydrophobic residues is often found near
the palmitoylated cysteine, the role of these residues in the
selection of specific palmitoylation sites was assessed. Short
peptides derived from the LL2-adrenergic receptor sequence,
modified to present different proportions of basic, acidic and
hydrophobic residues, were tested in an in vitro S-acylation
assay. Basic residues proved to be essential, whereas hydrophobic
residues greatly enhanced S-acylation and acidic residues
inhibited it. Taken together, these results show that short
peptides contain the required molecular determinants leading to
selective S-acylation. Whether or not these sequence character-
istics also contribute to the selectivity of palmitoylation in vivo
will need to be further investigated. ß 2001 Published by
Elsevier Science B.V. on behalf of the Federation of European
Biochemical Societies.
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1. Introduction

Palmitoylation is a post-translational modi¢cation that oc-
curs on a subset of cellular proteins [1]. This modi¢cation
involves the formation of a covalent thioester bond between
a C16 fatty acid and a single cysteine [2]. Unlike myristoyla-
tion, farnesylation and prenylation, that are stable co-transla-
tional lipid modi¢cations, palmitoylation is post-translational
and reversible [3]. Several members of the G protein-coupled
receptor (GPCR) family have been shown to be palmitoy-
lated. GPCRs possess seven transmembrane K-helices and
play important roles in the detection and transduction of ex-
ternal stimuli, such as light, taste, odor, neurotransmitters and
hormones [4]. The abolition of their palmitoylation site by
site-directed mutagenesis has been shown to either decrease
coupling to G proteins [5], a¡ect receptor internalization [6]
or modulate receptor phosphorylation by regulatory kinases
[7].

Mechanisms responsible for the palmitoylation process and

its speci¢city are not well understood. Several studies revealed
that palmitoylation could occur in vitro on the same sites that
become acylated in vivo, in the absence of any speci¢c acyl-
transferase, using palmitoyl-coenzyme A (CoA) as the acyl
donor. This type of reaction, referred as non-enzymatic, pseu-
doenzymatic or autocatalytic palmitoylation, uncatalyzed
transacylation or S-acylation was reported for puri¢ed myelin
proteolipid protein (PLP) [8,9], myelin glycoprotein Po [8,10],
rhodopsin [11,12], Semliki Forest virus E2 glycoprotein [13],
SP-C surfactant protein [14,15], several G protein K-subunits
[16^18], SNAP-25 [19], c-Yes protein tyrosine kinase [20] and
protein kinase C [21]. It has also been reported for short pep-
tides derived from the palmitoylation site of myelin glycopro-
tein Po [10], the carboxy terminus of N-ras [22], the Yes
protein tyrosine kinase [20] and for a variety of synthetic
cysteine-containing lipopeptides [23]. The labeling of those
peptides with [3H]palmitate was dependent on time, concen-
tration of both reactants, temperature and pH.

Protein sequence alignment of several GPCRs revealed the
presence of a greater proportion of hydrophobic/basic resi-
dues in the vicinity of palmitoylated cysteine(s). However,
no strict consensus sequence could be formally identi¢ed, we
hypothesized that these basic and hydrophobic amino acids
may play an important role in promoting and directing the in
vitro S-acylation. Thus, the main objective of this study was
to assess the role of the amino acids neighboring the palmi-
toylated cysteine in S-acylation. For this purpose, we system-
atically substituted the amino acids £anking the palmitoylated
cysteine within peptides derived from the L2-adrenergic recep-
tor (L2-AR) sequence (amino acids 337^344) (Table 1). Our
results revealed that basic and hydrophobic amino acids next
to the palmitoylated cysteine play a crucial role in the in vitro
S-acylation process, most likely by favoring peptide interac-
tion with the CoA polar head and the acyl chain of the pal-
mitoyl-CoA. These results suggest that some molecular re-
quirements for speci¢city of the L2-AR palmitoylation are
located within the primary sequence.

2. Materials and methods

2.1. Peptide preparation
The 13 peptides listed in Table 1 were synthesized using N-K-fmoc

using LKB Biolynx apparatus and puri¢ed by HPLC (Waters) using a
C18 reversed-phase column (10 Wm, 125 Aî ). The identity of the pep-
tides was veri¢ed by mass spectrometry. Lyophilized peptides were
dissolved in 0.1 M 3-(N-morpholino)propanesulfonic acid (MOPS)^
NaOH (Boehringer Mannheim, Mannheim, Germany) containing
5 mM dithiothreitol (DTT) pH 7.4 and 10% dimethylsulfoxide
(DMSO) (Sigma-Aldrich, Oakville, Canada) to their stock concentra-
tion of 10 mM.
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2.2. Cell-free S-acylation assay
[3H]palmitoyl-CoA was synthesized as previously reported [10,16].

By this procedure, 50% of the [3H]palmitic acid (NEN, Boston, MA,
USA) was converted to its CoA derivative. Standard conditions for S-
acylation are as follows: peptide (0.2 mM) and [3H]palmitoyl-CoA
(125 WCi; V40 WM) were incubated at 37³C in 0.1 M MOPS^
NaOH pH 7.4 with 1 mM DTT in a total volume of 30 Wl for the
indicated times. The concentration of palmitoyl-CoA used in the assay
is comparable to its estimated total cellular concentration but superior
to its estimated free concentration [24]. The concentrations of both the
peptides and palmitoyl-CoA used in the assays were selected to lie
within the linear range of the reaction (data not shown). In order to
assess the thioester nature of the link between palmitate and the pep-
tide, products were incubated for 1 h at 37³C with 1 M hydroxylamine
pH 7.4 (Sigma-Aldrich, Oakville, Canada). In some experiments, the
e¡ect of pH on the in vitro palmitoylation was tested using di¡erent
bu¡er solutions: 0.1 M 2-[N-morpholino]ethanesulfonic acid (MES)
pH 5.5 or pH 6.5, 0.1 M MOPS^NaOH pH 7.0, pH 7.4 or pH 7.9, 0.1
M Tricine pH 8.2 and 0.1 M Tris[hydroxymethyl]-aminomethane hy-
drochloride (TRIZMA) pH 9.0 (Sigma-Aldrich, Oakville, Canada).
Following the incubation period, samples were prepared for thin layer
chromatography (TLC) using silica gel 60 plates (Alltech, Deer¢eld,
USA). Separation was carried out using n-butanol:pyridine:acetic
acid:water (Laboratoire Mat, QC, Canada); 45:30:9:36 by volume,
for QEEECERR and QEQQCQRR; 60:30:5:15 by volume, for
QELLCLRR, QELLSLRR, QELYCWRR, QQLLCLRR and
QAAACARR; 70:30:5:20 by volume for QRRRCRRR to
QELLCLQQ) as the ascending solvent systems. Speci¢c solvents for
TLC development were selected depending on the polarity of the
di¡erent peptides used. [3H]palmitate incorporation was detected by
autoradiography (3^7 days exposure of the TLC plates). Bands on the
autoradiograms were identi¢ed by comparing autoradiographic pro-
¢les obtained for [3H]palmitate alone, [3H]palmitoyl-CoA synthesis
product and palmitoylated peptides. Incorporation of [3H]palmitate
was quanti¢ed by densitometric analysis.

3. Results

3.1. In vitro acylation of L2-AR-derived peptide
In an e¡ort to identify the molecular determinants of S-

acylation selectivity, an easy and rapid method utilizing in
vitro acylation of peptides was selected. First, an octapeptide
corresponding to the amino acids 337^344 from L2-AR se-
quence (QELLCLRR) was synthesized. Incubation of this
peptide with [3H]palmitoyl-CoA for 120 min at 37³C lead to
the incorporation of [3H]palmitate into the peptide (Fig. 1A).
Identi¢cation of the products was con¢rmed using labeled
synthetic palmitoyl-CoA and palmitate (data not shown).
No palmitoylated peptide band was detected when the octa-
peptide was omitted or when a control peptide (QELLSLRR)
in which the cysteine has been replaced by a serine was used
for the reaction. Densitometric analyses of the autoradio-
grams obtained in three separate experiments are summarized

Fig. 1. S-Acylation of peptides derived from L2-AR using
[3H]palmitoyl-CoA as acyl donor. A: S-Acylation of L2-AR-derived
peptides. [3H]palmitate incorporation into a synthetic octapeptide
corresponding to the amino acids 337^344 from the human L2-AR
primary sequence (QELLCLRR) was assessed. [3H]palmitoyl-CoA
(125 WCi; V40 WM) was incubated with 1 mM of the QELLCLRR
or QELLSLRR peptides or in the absence of peptide for 1 h at
37³C in 0.1 M MOPS^NaOH containing 1 mM DTT. Palmitoylated
peptides were then treated or not with hydroxylamine (pH 7.4) for
1 h at 37³C. [3H]palmitate incorporation was detected by autora-
diography after separation of products by TLC. Data shown are
representatives of three independent experiments. B: Densitometric
analysis of the peptide-bound [3H]palmitate. Labeling intensity was
assessed by densitometric analysis of the autoradiograms. Data
shown represent the means þ S.E.M. of three independent experi-
ments. C: Kinetics of [3H]palmitate incorporation. Wild-type pep-
tide QELLCLRR and mutant peptide QELLSLRR were incubated
with [3H]palmitoyl-CoA for periods of time varying from 5 to 150
min. [3H]palmitate incorporation is expressed as a % of the densito-
metric value observed following a 120 min incubation. Values
shown represent the means þ S.E.M. of four independent experi-
ments.

Table 1
List of the peptides assayed

L2-AR wild-type-derived (337^344) QELLCLRR

C341S QELLSLRR
L339, L340 and L342 QEEECERR

QEQQCQRR
R343 and R344 QELLCLQQ

QELLCLEE
QELLCLLL

E338 QQLLCLRR
QRLLCLRR
QLLLCLRR

Others QELYCWRR
QRRRCRRR
QAAACARR
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in Fig. 1B. The thioester nature of the linkage formed between
the palmitate and the peptide was con¢rmed by hydroxyl-
amine treatment, that completely removed the radioactivity
associated with the peptide (Fig. 1A). Fig. 1C illustrates
that the incorporation of [3H]palmitate into the wild-type
peptide QELLCLRR increases with time reaching a maximum
after 90 min of incubation. Again, no consistent palmitate
incorporation was detected using the control QELLSLRR
peptide.

To determine if the thioester bond formed between
QELLCLRR and [3H]palmitate is spontaneously reversible
at 37³C, the [3H]palmitoylated peptide was incubated for 2 h
with an excess of non-radioactive palmitoyl-CoA (10 mM;
that corresponds to a radioisotopic dilution of more than
100U). This treatment was without e¡ect on the extent of
labeling of the peptide indicating that no rapid exchange be-
tween palmitoylated peptide and free palmitoyl-CoA occurred
under these conditions. Similarly, incubation of the palmitoy-
lated peptide with CoA (8 mM) did not reverse the reaction
(data not shown).

3.2. Primary sequence determinants of S-acylation
To assess the role of the primary sequence in directing

palmitoylation on a speci¢c cysteine, the wild-type
QELLCLRR peptide was divided into three distinct domains,
based on the nature of the amino acids: an acidic domain
(E338), a basic domain (R343, R344), and a hydrophobic
domain (L339, L340 and L342). The composition of the pep-
tide was modi¢ed to systematically change the properties of
each of these domains.

To study the e¡ect of the glutamic acid at position 338, this
residue was replaced with either glutamine (QQLLCLRR),
arginine (QRLLCLRR) or leucine (QLLLCLRR) to intro-
duce a neutral, a basic or a hydrophobic character, respec-
tively, to this position. The relative incorporation of
[3H]palmitate into these peptides compared to the native se-
quence is shown in Fig. 2A. In the three cases, substitution of
E338 favored the S-acylation reaction indicating that the
acidic domain had an inhibitory e¡ect. Interestingly, the pres-
ence of either arginine or leucine at this position promoted a
signi¢cantly greater incorporation of [3H]palmitate than that
observed when substituting the glutamic acid 338 for the glu-
tamine (6- and 5-fold, respectively). This indicates not only
that the acidic residue inhibits the reaction but also that the
basic/hydrophobic characteristics may, on their own, have a
positive e¡ect on S-acylation.

To further test that basic amino acids may be positive de-
terminants for S-acylation, R343 and R344 were replaced by a
di-glutamine (QELLCLQQ), a di-leucine (QELLCLLL) or a
di-glutamate (QELLCLEE). In all cases, the substitution of
the two basic amino acids completely inhibited the S-acylation
(Fig. 2B). This suggests that the positive charges brought by
those arginines are absolutely required for the reaction.

To investigate the contribution of the hydrophobic domain
to S-acylation, the leucine residues £anking the cysteine were
¢rst substituted with either the neutral glutamines
(QEQQCQRR) or the acidic glutamates (QEEECERR). In
both cases, S-acylation was completely inhibited (Fig. 2C)
con¢rming that hydrophobic residues favor the reaction. To
determine if the aliphatic chain of the leucines was important
for this e¡ect, L340 and L342 were changed to two aromatic
residues, tyrosine and tryptophan respectively (QELYC-

WRR). This substitution modestly improved the palmitate
incorporation arguing that the hydrophobic nature regard-
less of the length of the amino acid side chains is re-
quired. However, the presence of a hydrophobic environment
is not essential for the reaction. Indeed, the QRRRCRRR
peptide that lacks hydrophobic residues incorporated eight
times more palmitate than the native sequence. However,
mixed basic/hydrophobic is more favorable, as indicated by

Fig. 2. Primary sequence determinant of S-acylation. A: In£uence
of the glutamic acid in position 338. B: In£uence of the arginine
residues at positions 343 and 344. C: In£uence of the leucine resi-
dues at positions 339, 340 and 342. The indicated peptide was incu-
bated with [3H]palmitoyl-CoA for 120 min at 37³C. [3H]palmitate
incorporation was detected by autoradiography after separation of
the products by TLC. Data are expressed as % of the densitometric
value obtained for the wild-type peptide QELLCLRR, in the same
experimental conditions. Data shown represent the means þ S.E.M.
of three independent experiments.
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the greater palmitate incorporation observed for QRLLCL-
RR and QLLLCLRR (11 and 14 times as compared to the
native sequence, see Fig. 2A). This point is further supported
by the observation that substituting L339, L340 and L342
with alanines decreases the incorporation of palmitate even
when the inhibitory e¡ect of E338 is relieved by its substitu-
tion with an alanine (QAAACARR).

3.3. E¡ect of di¡erent amino acids on the kinetics of
S-acylation

The kinetics of palmitate incorporation were assessed for
several peptides. In each case, the incorporation was found to
be linear during the ¢rst 30 min reaching a plateau between 60
and 120 min. Fig. 3 shows that the primary sequence of the
peptides a¡ects not only the maximal level but also the initial
rate of palmitate incorporation. Modi¢cation of E338 to glu-
tamine, leucine or arginine increased the initial rate of incor-
poration by 2-, 12.5- and 13.5-fold, respectively (Fig. 3A).
However, the replacement of E338, L339, L340 and L342
for alanines slowed the initial rate 2.5-fold below that ob-
served for the native peptide con¢rming the importance of
these hydrophobic residues (Fig. 3B). Replacing L340 and
L342 with tyrosine and tryptophan respectively did not have
a signi¢cant e¡ect on the initial palmitate incorporation rate
supporting the idea that the hydrophobic and not the ali-
phatic nature of the leucines is the key factor.

3.4. E¡ect of pH
It has been proposed that S-acylation could result from a

nucleophilic attack of the sulfhydryl group of the cysteine on
the thioester bond of the palmitoyl-CoA [20]. The chemical S-
acylation would therefore be sensitive to pH as it in£uences
the electronegativity of the cysteine sulfur. In agreement with
this hypothesis, the incorporation of palmitate into the L2AR
wild-type-derived peptide was found to be in£uenced by pH
(Fig. 4, inset). Although incorporation could be readily ob-
served at physiological pH, it reached its maximum at pH 8.5

Fig. 3. E¡ect of the peptide primary sequence on S-acylation ki-
netics. The selected peptide and [3H]palmitoyl-CoA were incubated
at 37³C for times varying between 0 and 150 min. [3H]palmitate in-
corporation was detected by autoradiography after separation of the
products by TLC. Data are expressed as % of the densitometric val-
ue obtained for the wild-type peptide QELLCLRR at 120 min, pH
7.4. Data shown represent the means þ S.E.M. of four independent
experiments.

Fig. 4. E¡ect of pH on S-acylation. The indicated peptide was incubated with [3H]palmitoyl-CoA in bu¡ers of speci¢ed pH values (5.5, 6.5,
7.0, 7.4, 7.9, 8.2, 9.0) as indicated in Section 2. The incubation was carried out at 37³C for 120 min. [3H]palmitate incorporation was detected
by autoradiography after separation of the products by TLC. Data are expressed as % of the densitometric value obtained for the wild-type
peptide QELLCLRR for 120 min at pH 7.4. Data shown represent the means þ S.E.M. of three independent experiments.
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that corresponds to the pKa of the cysteine's sulfhydryl. It was
also proposed that the amino acids neighboring the cysteine
would create a microenvironment that could in£uence its de-
protonation and thus a¡ect the optimum pH of the S-acyla-
tion [16]. To test the hypothesis that such a mechanism could
be responsible for the increased palmitate incorporation ob-
served upon substitution of E338 for neutral or basic residues,
the in£uence of the pH was also studied for QRLLCLRR and
QLLLCLRR. As can be seen in Fig. 4, the pH dependence of
the reaction was not in£uenced by the substitutions. Thus, this
is indicating that the presence of an acidic residue at position
338 does not modulate the extent of S-acylation by a¡ecting
the cysteine's pKa.

4. Discussion

In the present study, we present the ¢rst systematic assess-
ment of the primary sequence determinants promoting the S-
acylation reaction. Our data clearly indicate that the presence
of both hydrophobic and basic residues £anking a cysteine
greatly favors its acylation, whereas acidic residues inhibit it.
The observation that a high proportion of basic and/or hydro-
phobic residues is found proximal to the acylated cysteine in a
large number of palmitoylated proteins suggests that the se-
quence requirements identi¢ed using the in vitro assay may
also be relevant in vivo [25^33].

In vitro spontaneous S-acylation was previously reported
for several proteins [8^21] and short peptides [10,20,22,23].
Interestingly, the reaction was found to display a signi¢cant
level of selectivity [10,22,23]. Indeed, palmitoylation of glyco-
protein Po was shown to occur on the same cysteine whether
the protein was palmitoylated in vitro in the absence of added
enzyme or in vivo [8]. Short peptides also displayed some
selectivity, since only peptides containing favorable sequences
could undergo S-acylation in vitro [10,16,20,22^24,28,34,35].

The importance of hydrophobic properties for S-acylation
substrates was previously proposed on the basis that the pres-
ence of a myristate moiety near the cysteine is absolutely
required for the palmitoylation of a peptide derived from
the Yes protein kinase. In that case, it was proposed that
the myristate recruits the reactive palmitoyl-CoA near the
cysteine through hydrophobic interactions, favoring the spon-
taneous thioesteri¢cation of the cysteine [20]. Hydrophobic
amino acids within protein sequences could play similar roles,
promoting palmitoylation of neighboring cysteines. The pres-
ence of basic amino acids could also favor the interaction with
the palmitate donor, since their positive charges could interact
with the four negative charges of the CoA group. In whole
cells, the salt bridges between the positively charged amino
acid and the negative head groups of the plasma membrane
phospholipids [16,23,36] could also contribute to the reaction
by favoring the interaction between the proper peptide seg-
ment and the palmitoyl-CoA at the plasma membrane.

The important role played by £anking sequence in S-acyla-
tion is further upheld by the observation that the presence of
acidic amino acids inhibited the reaction. Based on the mech-
anism proposed above, the presence of negatively charged
residues could inhibit the interaction between the peptide
and the palmitoyl-CoA. This may have physiological rele-
vance on the dynamic regulation of protein palmitoylation
since the presence of the negative phosphate groups on serines
located three amino acids downstream from the L2-AR pal-

mitoylation site has previously been shown to inhibit palmi-
tate incorporation [37].

In conclusion, our data demonstrate that in vitro S-acyla-
tion of small peptides displays a signi¢cant level of selectivity.
Indeed, the sequence context immediately £anking the acylat-
ed cysteine determines both the rate and the extent of the
reaction. The presence of basic amino acids is essential while
hydrophobic and acidic residues respectively favor and inhibit
the reaction. The observation that basic and hydrophobic do-
mains are often found surrounding the palmitoylation sites of
proteins may suggest that similar selectivity determinants may
be at work in vivo. However, the role of these sequences in the
selection of speci¢c cysteines and the relative contribution of
the autoacylation reaction to the overall palmitoylation ob-
served in vivo will need to be further investigated.

Acknowledgements: The authors wish to thank the Fonds des cher-
cheurs pour l'avancement de la recherche (FCAR) for ¢nancial sup-
port and Medical Research Council of Canada (MRC) for funding.

References

[1] Mumby, S.M. (1997) Curr. Opin. Cell Biol. 9, 148^154.
[2] Bouvier, M., Loisel, T.P. and Hebert, T.E. (1995) Biochem. Soc.

Trans. 23, 116^120.
[3] Bouvier, M., Mo¡et, S., Loisel, T.P. and Adam, L. (1996) in:

Phosphoinositidase C-Linked Receptor Desensitization (Tobin,
A.B., Ed.), Springer, R.G. Landes Com., p. 111^131.

[4] Morello, J.P. and Bouvier, M. (1996) Biochem. Cell Biol. 74,
449^457.

[5] O'Dowd, B.F., Hnatowitch, M., Caron, M.G., Lefkowitz, R.J.
and Bouvier, M. (1989) J. Biol. Chem. 264, 7564^7569.

[6] Kawate, N. and Menon, K.M.J. (1994) J. Biol. Chem. 269,
30651^30658.

[7] Mouillac, B., Caron, M., Bonin, H., Dennis, M. and Bouvier, M.
(1992) J. Biol. Chem. 267, 21733^21737.

[8] Ross, N.W. and Braun, P.E. (1988) J. Neurosci. Res. 21, 35^
44.

[9] Bizzozero, O.A., McGarry, J.F. and Lees, M.B. (1987) J. Biol.
Chem. 262, 13550^13557.

[10] Bharadwaj, M. and Bizzozero, O.A. (1995) J. Neurochem. 65,
1805^1815.

[11] O'Brien, P.J., St-Jules, J., Reddy, T.S., Bazan, N.G. and Zatz, M.
(1993) J. Biol. Chem. 262, 5210^5215.

[12] O'Brien, P.J. and Zatz, M. (1984) J. Biol. Chem. 259, 5054^
5057.

[13] Berger, M. and Schmidt, M.F.G. (1984) J. Biol. Chem. 259,
7245^7252.

[14] Qanbar, R. and Possmayer, F. (1995) Biochim. Biophys. Acta
1255, 251^259.

[15] Qanbar, R., Cheng, S., Possmayer, F. and Schu«rch, S. (1996)
Am. J. Physiol. 1, L572^L580.

[16] Duncan, J.A. and Gilman, A.G. (1996) J. Biol. Chem. 271,
23594^23600.

[17] Mollner, S., Ferreira, P., Beck, K. and Pfeu¡er, T. (1998) Eur. J.
Biochem. 257, 236^241.

[18] Tu, Y., Wang, J. and Ross, E.M. (1997) Science 278, 1132^1135.
[19] Veit, B. (2000) Biochem. J. 345, 145^151.
[20] Ban¬o, M.C., Jackson, C.S. and Magee, A.I. (1998) Biochem. J.

330, 723^731.
[21] Ford, D.A., Horner, C.C. and Gross, R.W. (1998) Biochemistry

37, 11953^11961.
[22] Schroeder, C., Leventis, R., Rex, S., Schelhaas, M., Na«gele, E.,

Waldmann, H. and Silvius, J.R. (1997) Biochemistry 36, 13102^
13109.

[23] Quesnel, S. and Silvius, J.R. (1994) Biochemistry 33, 13340^
13348.

[24] Leventis, R., Juel, G., Knudsen, J.K. and Silvius, J.R. (1997)
Biochemistry 36, 5546^5553.

[25] Veit, M., Revery, H. and Schmidt, M.F.G. (1996) Biochem. J.
318, 163^172.

FEBS 24936 12-6-01
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