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A method for O- and S-palmitoylation of non-protected peptides

has been developed. The peptides are treated with excess of

palmitoyl chloride in 100% trifluoroacetic acid for 10 min at

room temperature. The acidic conditions prevent acylation of

amino groups, which is only significant after prolonged treatment

(hours to days). The tripeptides Gly-Cys-Phe and Gly-Ser-Phe

were converted into the respective S- and O-palmitoylated

compounds, and the hydrophobic pulmonary surfactant protein-

C model peptides, LRIPCCPVNLKRLLVVV [SP-C(1–17)]

and FGIPSSPVLKRLLILLLLLLLILLLILGALLMGL [SP-

INTRODUCTION

Fatty acylation occurs co- or post-translationally in several

different protein families which cover a wide range of functional

properties [1]. The acyl chains are linked either via thioesters or

via amide bonds. The thioesters are most commonly palmitoyl

(C
"'

) groups linked to cysteine residues. The proteins carrying

ester-linked fatty acyl chains are, as a rule, associated with lipid

membranes. A significant number of these proteins are, however,

also hydrophobic in the absence of the acyl moieties. The fatty

acyl esters are generally considered to be enzymically linked [1,2]

but non-enzymic [3,4] addition has also been suggested.

Fatty acyl amides have been found either in the form of

myristoyl (C
"%

) groups linked to α-amino groups or, in a few

cases, as palmitoyl groups bound to lysine ε-amino groups.

Myristoyl groups are enzymically added co-translationally to

proteins that carry a defined N-terminal signal sequence. Nε-

Palmitoyl-lysine has so far only been detected in adenylate

cyclase from Bordetella pertussis, where it is formed by a specific

enzyme [5] and as a probably non-enzymic modification of a

fraction of the pulmonary-surfactant-associated polypeptide C

(SP-C) [6].

Several different functional roles of the fatty acyl moieties are

possible, including modulating effects on protein–lipid inter-

actions, protein–protein interactions and protein conformation

[7]. The labile nature of thioester-linked acyl chains suggests that

they can undergo acylation}deacylation cycles [8] and hence

influence the interactions of the protein to which they are

attached in a reversible manner. SP-C is a 4.2 kDa lipopeptide

that contains two palmitoyl groups linked to Cys& and Cys' [9].

Evidence is now accumulating that the presence of the fatty acyl

moieties is required for the lipopeptide to be functionally fully

active [10–12]. From a structural point of view it has been

reported that the palmitoyl groups both increase [12–14] and

Abbreviations used: Boc, butoxycarbonyl ; Boc-Cys(mBzl)OH, N-t-butylcarbamoyl-S-(4-methylbenzyl)cysteine ; DCM, dichloromethane; DMF,
dimethylformamide; DIPCDI, di-isopropylcarbodi-imide; DIPEA, di-isopropylethylamine; ESI, electrospray ionization; HOBt, hydroxybenzotriazole ;
MALDI-TOF, matrix-assisted laser-desorption time-of-flight ; RP-, reversed phase; r.t., retention time; SP, surfactant protein ; TFA, trifluoroacetic acid.

1 Correspondence may be sent to either of these two authors (e-mail Roger.Stromberg!mbb.ki.se or Jan.Johansson!mbb.ki.se).

C(Leu)] were converted into their respective S,S- and O,O-

dipalmitoylated peptides. The reactions were virtually quan-

titative, and the palmitoylated peptides were isolated in about

75–80% yield after reversed-phase HPLC purification. CD

spectroscopy showed that S,S-dipalmitoylation of SP-C(1–17)

affects the peptide secondary structure (substantial increase in

the α-helix content) in dodecylphosphocholine micelles.

Key words: lipopeptide, peptide structure, protein acylation.

decrease [10,15] the helical content of the peptide. This dis-

crepancy may be caused by the fact that different procedures

have been employed in order to deacylate native SP-C, and that

the peptide can undergo a conversion from helical to β-sheet

conformation [14]. A method for stoichiometric formation of

thio- and oxy-esters would facilitate clear-cut analysis of the

acyl-chain effects on structure and function of SP-C and

other acylated peptides. Use of an S-palmitoylated cysteine

building block in solid-phase peptide synthesis appears proble-

matic, owing to the instability of the thioester, although one

method makes it possible to add an N-protected S-palmitoyl-

cysteine at the N-terminus of a peptide [16]. Other methods

for S-acylation of peptides include formation of thioesters of

acyl carrier protein using N-acylimidazoles [17] and less-than-

quantitative palmitoylation of detergent-solubilized SP-C with

palmitoyl-CoA [18].

EXPERIMENTAL
Trifluoroacetic acid (TFA), di-isopropylethylamine (DIPEA,

Fluka) and palmitoyl chloride (Aldrich), dimethylformamide

(DMF) and dichloromethane (DCM) were distilled under

atmospheric pressure. Hydroxybenzotriazole (HOBt), di-iso-

propylcarbodi-imide (DIPCDI, Aldrich) and dicyclohexy-

lcarbodi-imide (DCC; Lancaster Synthesis Ltd., Easgate, Lancs.,

U.K.) were of commercial quality. Amino acids and building

blocks for the tripeptide syntheses were from Bachem, and the

chloromethylated resin (Bio-Beads Sx1) used in the Gly-Cys-Phe

synthesis was from Bio-Rad. The palmitoylation reactions were

monitored by reversed-phase (RP-) HPLC (Vydak C
")

column,

4.6 mm diameter¬250 mm long; The Separations Group,

Hesperia, CA, U.S.A.) employing a flow rate of 0.7 ml}min

and the same eluents and gradient as for the corresponding

HPLC purifications of compounds 3, 6 and 7 (see below). CD
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spectroscopy and matrix-assisted laser-desorption time-of-flight

(MALDI-TOF) and electrospray ionization (ESI) MS were

performed as described previously [6,14,19]. "H- and "$C-NMR

analyses were performed with a JEOL GSX-270 spectrometer.

Polypeptides 4 and 5

The polypeptides SP-C(1–17) (4) [20] and SP-C(Leu) (5) [21] were

synthesized by t-butyloxycarbonyl chemistry and purified by RP-

HPLC ²4 as in [20] and 5 [retention time (r.t.) 33 min, 81%

propan-2-ol] as for 6´.

S-Palmitoylcysteine hydrochloride (1)

Palmitoyl chloride (0.34 g, 1.2 mmol, 1.2 equiv.) was added to -

cysteine (100 mg, 0.83 mmol) in distilled trifluoroacetic acid

(TFA) (4 ml), and the mixture was stirred at room temperature.

After 5 min the product precipitated as a white powder, which

was filtered and washed with chloroform.Yield 115 mg (38%).

Elemental analysis confirmed the identity of the product. Cal-

culated (%) : C, 57.62; H, 9.67; N, 3.54; S, 8.10; found (%) : C,

57.60; H, 10.13; N, 3.59; S, 8.28. "$C NMR (DMSO, 30 °C, δ in

p.p.m.) : 13.84 (CH
$
CH

#
), 27.84–28.95 (13¬CH

#
), 43.22

(CH
#
CO), 31.21 (βC, Cys), 51.53 (αC, Cys), 168.89 (CO, Cys),

197.23 (SCO).

Gly-Ser-Phe (2a)

DCC (128.06 mg, 0.8 mmol) was added to HOBt (108 mg,

0.8 mmol) dissolved in DCM (5 ml), and the mixture was stirred

at room temperature. Butoxycarbonyl (Boc)-Gly-OH (140 mg,

0.8 mmol) was added, and, after stirring for 1 h, the precipitated

urea was filtered off and the solvent was evaporated. The residue

was dissolved in DMF (5 ml) and Ser-Phe-OH (100 mg,

0.39 mmol) and DIPEA (200 µl, 1.2 mmol) were added. After 2 h

the reaction was complete (TLC; butan-2-ol}acetic acid}water,

4 :2 :2, by vol. ; R
F
¯ 0.9). After solvent evaporation the product

was precipitated in warm chloroform (10 ml), filtered off and

dried in �acuo to give 130 mg of material (82%). The protected

tripeptide (28 mg, 0.068 mmol) was dissolved in 50% (v}v) TFA

in DCM (0.68 ml) and stirred at room temperature for 20 min.

The solvent was evaporated, whereafter the residue was three

times redissolved in DCM and evaporated. The product was

dissolved in water (5ml) and passed through an amberlite resin

[IR-45 (OH)]. The product was obtained as white powder after

evaporation. Purification was performed by RP-HPLC (Vydak

C
")

column, 22 mm¬250 mm) using a linear gradient of 0–60%

acetonitrile in water over 60 min (flow rate 10 ml}min), both

solutions containing 0.1% TFA; r.t. 21min, 22% acetonitrile.

Yield 20 mg, 0.064 mmol, (95%). "H NMR (#H
#
O): d 7.39 (5H

Phe) ; 4.64 and 4.45 (2H αCH Ser and Phe) ; 3.84 (2H, CH
#
Gly) ;

3.80 (2H, βCH
#

Ser) ; 3.12–3.05 (2¬dd, 2H, βCH
#

Phe). "$C

NMR (#H
#
O): d 178.9, 172.9 and 168.8 (3¬C¯O); 138.9–128.7

(aromatic Phe) ; 62.3 (βCH
#
Ser) ; 56.8 and 56.4 (2¬αCH Ser and

Phe) ; 41.3 (CH
#

Gly) ; 38.2 (βCH
#

Phe).

Gly-Cys-Phe (2b)

The peptide 2b was synthesized manually using solid-phase

technique with Boc-protected amino acids [22,23]. The first

amino acid was covalently linked to a chloromethylated poly-

styrene resin [1.25 mequiv.}g) according to the KF method [24]

in DMF, i.e. chloromethylated resin Bio-Beads S-X1 (2 g) was

combined with Boc-Phe (796 mg, 3 mequiv.) and KF (443 mg, 10

mequiv.) in distilled DMF (15 ml). The mixture was stirred for 3

days at 50 °C. The resin was loaded on an apparatus for manual

solid-phase peptide synthesis. The solvent was removed and the

resin was washed with DCM (2¬15 ml), DMF (2¬15 ml),

water (2¬15 ml), ethanol (2¬15 ml), DMF (15 ml) and DCM

(15 ml). N-t-butylcarbamoyl-S-(4-methylbenzyl)cysteine [Boc-

Cys(mBzl)OH] and Boc-glycine-OH were coupled to the growing

peptide as active esters (using HOBt and DIPCDI) and

DCM}DMF (3:1, v}v) as the coupling solvent [25–27]. The

coupling reactions were monitored by the ninhydrin test [28].

DIPCDI (378 mg, 464 µl, 3 mmol), HOBt (610 mg, 4.5 mmol)

and Boc-Cys(mBzl)OH (976 mg, 3 mmol) were dissolved in a

mixture of distilled DCM (15 ml) and dry DMF (5 ml) in a 50 ml

round-bottomed flask. The mixture was stirred for 30 min. In the

meantime the resin in the reaction vessel was washed with, 10%

DIPEA in DCM (2¬15 ml), DCM (2¬15 ml) and DMF

(2¬15 ml). The mixture with the activated Boc-Cys(mBzl)OH

was then added to the resin. After 2 h the solvent was removed

and the resin was washed with DMF (2¬20 ml) and DCM

(2¬20 ml). After a ninhydrin test, the resin was further washed

with DCM (4¬20 ml). The coupling of Boc-Gly-OH to the

growing peptide was done using the same procedure. For

deprotection of the Boc groups, 50% TFA in DCM (15 ml) was

used. The solvent was removed after 2 min and another portion

of 50% TFA in DCM was added and left on the support for

30 min. The resin was subsequently washed with DCM

(2¬20 ml), DMF (2¬20 ml), ethanol (2¬20 ml), DMF (20 ml)

and DCM (20 ml). The peptide was deprotected and cleaved

from the resin using HF [29]. The resin was washed with DCM

(5¬15 ml) and dried under nitrogen followed by desiccation

under vacuum. The peptide resin was placed in a Teflon reaction

vessel, and anisole (3 ml) was added. The vessel was cooled to

®70 °C in a solid CO
#
}ethanol mixture for 10 min. The reaction

vessel was evacuated for 5 min, whereupon HF (27 ml) was

condensed on to the peptide resin. The reaction mixture was

stirred for 30 min at 0 °C. The HF was evaporated, the residue

dissolved in 40% (v}v) acetic acid (40 ml), and the mixture was

washed with diethyl ether (3¬30 ml) and ethyl acetate (30 ml).

The aqueous layers were combined and the solvent was evap-

orated under reduced pressure. The peptide was desalted on a

Sephadex G-10 column in aqueous ammonium hydrogen carb-

onate. Purification was performed by RP-HPLC as for 2a (r.t.

28 min, 28% acetonitrile). "H NMR (#H
#
O): d 7.17 (5H Phe) ;

4.51 (m, 2H, αCH Phe and Cys) ; 3.65 (s, 2H, CH
#
Gly) ; 3.09 (dd,

1H, J 13.9 and 5.5 Hz βCH Phe) ; 2.87 (m, 2H, βCH
#
Cys) : 2.66

(dd, 1H, J 14.3 and 8.8 Hz βCH Phe). "$C NMR (#H
#
O}[#H]acetic

acid) : d 178.4, 172.9 and 169.1 (C¯O Phe, Cys and Gly) ;

138.7–129.2 (aromatic, Phe) ; 57.7 and 56.4 (αCH Phe and Cys) ;

42.9 (CH
#

Gly) ; 38.9 (βCH
#

Phe) ; 28.0 (βCH
#

Cys).

O-Palmitoyl-Gly-Ser-Phe (3a)

Gly-Ser-Phe-OH (2.3 mg, 7.44 µmol) was dissolved in distilled

TFA (744 µl) and palmitoyl chloride (20 mg, 74.4 µmol, 10

equiv.) was added. The reaction was quenched with 80% ethanol

(6.69 ml) after 10 min. The product was purified by RP-HPLC

(Vydak C
")

column, 22 mm¬250 mm) using a linear gradient of

propan-2-ol in 60% methanol over 40 min (flow rate 7 ml}min),

both solutions containing 0.1% TFA (r.t. 23 min, 58% propan-

2-ol). Isolated yield 3 mg, 5.48 µmol (74%). MS (fast atom

bombardment, M1) ; m}z, found: 547.3616, calculated:

547.3621. "H NMR ([#H]chloroform}[#H]methanol}tetrahydro-

furan) : d 7.13 (5H Phe) ; 4.66 and 4.62 (2H, 2¬αCH Ser and

Phe) ; 4.28 (2H βCH
#

Ser) ; 3.80 (2H, CH
#

Gly) ; 3.13–3.01

(2H, βCH
#
Phe) ; 2.22 (2H, CH

#
C?O Palmitoyl glycine ; Palm);
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1.48–1.18 (26H, 13¬CH
#

Palm); 0.85 (3H, CH
$

Palm). "$C

NMR ([#H]chloroform}[#H]methanol}TFA): d 174.7, 173.9,

169.8 and 166.6 (4¬C¯O); 139.1–112.9 (aromatic Phe) ; 63.5

(βCH
#

Ser) ; 54.3 and 53.9 (2¬αCH Ser and Phe) ; 41.2 (CH
#

Phe) ; 37.3 (βCH
#
Phe) ; 34.1–23.1 (CH

#
Palm); 14.2 (CH

$
Palm).

S-Palmitoyl-Gly-Cys-Phe (3b)

Gly-Cys-Phe-OH (3.2 mg, 9.5 µmol) was dissolved in distilled

TFA (1 ml) and palmitoyl chloride (58 µl, 190 µmol) was added.

After 10 min the reaction was quenched with aq. 80% ethanol

(9 ml). The product was purified by RP-HPLC (as for 6) (r.t.

17 min, 45% propan-2-ol). Isolated yield 4.3 mg, 7.7 µmol

(78%). MS (ESI, M1) ; m}z, found: 564.2, calculated: 564.35.
"H NMR ([#H]methanol}TFA) d 7.25 (5H, Phe) ; 4.68 and 4.61

(2¬dd, 2H, αCH Phe and Cys) ; 3.65 (s, 2H, CH
#
Gly) ; 3.3–3.0

(m, 4H, βCH
#
Phe and Cys) ; 2.57 (t, 2H, CH

#
C¯O Palm); 1.64

(m, 2H, CH
#
CH

#
C¯O Palm); 1.25 (24H, 12CH

#
Palm), 0.93

(3H, CH
$

Palm). "$C NMR ([#H]methanol}TFA): d 200.9

[C¯O(S)]) ; 174.4, 171.6 and 167.4 (3¬C¯O); 138.2–114.6

(aromatic Phe) ; 55.4 and 54.4 (2¬αCH Phe and Cys) ; 44.9

(CH
#
Gly) ; 41.7 (βCH

#
Phe) ; 38.4 (CH

#
C¯O Palm); 33.1–26.7

(CH
#

Palm and βCH
#

Cys) ; 14.2 (CH
$

Palm).

S,S-Dipalmitoyl-SP-C(1–17) (6)

LRIPCCPVNLKRLLVVV (4) (3 mg, 1.55 µmol) was dissolved

in distilled TFA (150 µl) and palmitoyl chloride (9.40 µl, 31 µmol,

20 equiv.) was added. After 10 min, the reaction was quenched

with 80% ethanol (2.85 ml). Purification was performed using

RP-HPLC (Vydak C
")

column, 22 mm¬250 mm) and a linear

gradient of propan-2-ol in 75% ethanol over 40 min (flow rate

7 ml}min) (both solutions containing 0.1% TFA), r.t. 22 min,

56% propan-2-ol. Isolated yield was 78% as determined by

quantitative amino acid analysis. MALDI-TOF MS (positive

ion) ; m}z : 2414 (calculated 2412). The "H-NMR chemical shifts

(recorded as for 4 in [20]) of the β hydrogen atoms of the cysteine

residues also confirmed the presence of the S-palmitoyl groups,

i.e., δ¯ 3.35 (β-CH
#
-Cys5), 3.12 and 3.40 (β-CH

#
-Cys6), whereas

δ¯ 2.88, 2.72 and 2.99 in the non-palmitoylated peptide.

O,O-Dipalmitoyl-SP-C(Leu) (7)

FGGIPSSPVLKRLLILLLLLLLILLLILGALLMGL (5) (3.85

mg, 1.05 µmol) was dissolved in distilled TFA (100 µl) and

palmitoyl chloride (6.2 µl, 21 µmol, 20 equiv.) was added. After

10 min, the reaction was quenched with 80% ethanol (1.88 ml).

Purification was performed using RP-HPLC as for 6 (r.t. 40 min,

100% propan-2-ol). Isolated yield was 75% as determined by

quantitative amino acid analysis. MALDI-TOF MS (positive

ion) : m}z : 4145 (calculated 4143).

RESULTS AND DISCUSSION

Neither of the publishedmethods for S-palmitoylation of peptides

seemed ideal for our goals. The method involving use of

N-acylimidazoles has the advantage of giving selectively more

S-acylation than O- or N-acylation. However, the method

requires strict control of conditions in order to avoid N-acylation,

and the necessity to use aqueous buffers poses solubility problems

when working with hydrophobic peptides. Since SP-C and

peptide models thereof are sparingly soluble in water, we decided

to try non-aqueous conditions instead. Furthermore, these

models usually contain either serine or cysteine, but not both,

which limits the need for selective palmitoylation of hydroxy or

thiol groups in the presence of nitrogen nucleophiles. This would

be most easily achieved by using acidic conditions.

The idea of simply dissolving the peptide in 100% TFA and

then adding commercially available palmitoyl chloride was first

tested on cysteine (1). This palmitoylated amino acid can be

difficult to isolate, owing to the possibility of intramolecular

transacylation. However, a substantial amount of the product

precipitated out of the solution as the hydrochloride and was

verified to be the S-palmitoyl derivative, 1. A number of peptides

containing either serine or cysteine residues were then synthesized

to investigate this method of palmitoylation further.

A serine-containing tripeptide Gly-Ser-Phe (2a) was synthe-

sized in solution by coupling of the unprotected Ser-Phe dipeptide

with N-t-butylcarbamoylglycine (Boc-Gly) using DCC and HOBt

for the condensation reaction and subsequently deprotecting the

N-terminus. A cysteine-containing tripeptide Gly-Cys-Phe (2b)

was synthesized manually using the solid-phase technique and

Boc-protected amino acids (4-methylbenzyl for S-protection of

the cysteine building block). After purification by HPLC these

tripeptides were treated with 10 equiv. of palmitoyl chloride

(0.1 M) in TFA (Scheme 1). The reactions were monitored by

analysis of quenched (with 80% aq. ethanol) aliquots by RP-

HPLC. The reactions proceeded quickly and seemed almost

quantitative after the first aliquot was withdrawn (1 min). No

substantial change was observed and, after 10 min reaction time,

only one product peak could be seen in the chromatograms.

After quenching the reactions with 80% aq. ethanol, the products

were isolated by RP-HPLC, giving 74 and 78% isolated yields.

Analysis of the products by NMR and MS unambiguously

verified that the products are the O- and S-palmitoylated

tripeptides (3a and 3b).

Two models of SP-C were then synthesized using a standard

solid-phase-synthesis protocol. One peptide [SP-C(1–17), 4]

corresponds to the N-terminal 17 amino acid residues of native

porcine SP-C (i.e. LRIPCCPVNLKRLLVVV) and has pre-

viously been studied by NMR spectroscopy and found to be

helical at positions 11–17, but otherwise to occupy a flexible

disordered conformation. The other polypeptide, SP-C(Leu) (5),

is a full-length analogue of human SP-C, where the valine

residues in the hydrophobic part of the molecule are replaced

by leucine residues and the two cysteine residues are replaced by

serine residues (i.e. FGIPSSPVLKRLLILLLLLLLILLLILG-

ALLMGL). These model peptides were dissolved in TFA and
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Scheme 1 Synthesis of S- and O-palmitoylated tripeptides

Scheme 2 Synthesis of S,S- and O,O-palmitoylated SP-C analogues

treated with excess palmitoyl chloride (0.2 M, 10 equiv. per

cysteine}serine residue) for 10 min (Scheme 2). This treatment

gave conversion of the respective peptide into a product that in

both cases was eluted later during RP-HPLC analysis, with only

small amounts of other compounds being detected. The products

could be isolated by RP-HPLC in 75–80% overall yield, and MS

analysis identified the products as the dipalmitoylated peptides 6

and 7.

Hydrolysis of the dipalmitoylated peptides 6 and 7 in 0.1 M

NaOH was complete after 1 h at room temperature, which

confirmed that the palmitoyl groups were attached to the cysteine

or serine residues respectively and not via amide bonds (Figure

1). However, upon prolonged treatment (several hours to days)

of the peptides with palmitoyl chloride, additional reactions

occured which were observed as later-eluted fractions during RP-

HPLC analysis. These are probably peptides that are tri- or tetra-

palmitoylated, formedby slower subsequent reactionswith amino

groups. The molecular masses of these compounds as determined

by MS were also consistent with this conclusion.

In order to investigate the influence of the TFA concentration

on the palmitoylation of hydrophobic peptides, a number of

reactions with peptide 4 under similar conditions as above but

with various amounts of TFA (15–60%) in chloroform (chosen

for solubility reasons) were performed. It is clear that the rate of

reaction decreases with increasing amount of chloroform, e.g.,

with 25% TFA only about 30% of the peptide was palmitoylated

after 10 min and, most importantly, some (E 3%) tripalmi-

toylated peptide, due to N-acylation, was formed even after this

short reaction time. With 60% TFA about 80% of dipalmitoyl

peptide was formed in 10 min (the remaining 20% equally

distributed between the non-palmitoylated and the monopalmi-

toylated peptide). As mentioned above, 100% TFA as solvent

gives virtually complete conversion into the dipalmitoylpeptide.

TFA as the sole solvent seems to be the safest choice, since it

gives the fastest conversion with least risk of concomitant N-

palmitoylation. With a considerably smaller amount of TFA this

is clearly an unavoidable side-reaction. It should also be men-

tioned that, when doubling the concentration of palmitoyl

chloride, the formation of tripalmitoylated peptide could be

detected at high concentrations of TFA, suggesting that con-

centrations of palmitoyl chloride higher than about 0.2 M should

be avoided. If for solubility reasons one needs to mix in an

organic solvent, this should be done with caution. Our results

indicate that it is advantageous to maximize the amount of TFA,

and it is probably not advisable to use much less than 50%, at

least not when the co-solvent is relatively non-polar. With more
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Figure 1 RP-HPLC analysis of the dipalmitoylated peptides 6 and 7 and their hydrolysis products after 1 h treatment with NaOH

Dipalmitoylated SP-C(1–17) (A) and dipalmitoylated SP-C(Leu) (C) and the products obtained by hydrolysis (B) and (D) respectively were analysed as described in the Experimental section.

‘ 2.0E05 ’ (etc.) on the ordinate means 2¬105 (etc.). In (C) and (D), ‘ Abs. 214 ’ is absorbance at 214 nm and the ordinate scale is in arbitrary units.

polar aprotic solvents one can, if necessary, lower the TFA

concentration further, since the acidity of TFA and the basicity

of amino groups will be higher (and N-protonation thus more

efficient), and the palmitoylation reaction faster.

When 100% ethanol was used for quenching of the reactions,

we could observe the formation of some additional later-eluted

products that had a mass corresponding to an additional ethyl

group. Presumably, these products are ethyl esters formed at the

C-terminus by acid-catalysed esterification and}or with palmitoyl

chloride as condensing agent. The amount of these by-products

was reduced to a virtually non-detectable level when instead

80% aq. ethanol was used for quenching. Attempts to palmi-

toylate synthetic depalmitoyl-SP-C, i.e. containing a polyvalyl

segment instead of the polyleucyl part of SP-C(Leu), seemed to

proceed smoothly, but the product was difficult to analyse, since

the solubility behaviour was such that neither good RP-HPLC

nor MS analysis could be achieved. It is difficult to see any reason

why the palmitoylation would not also proceed smoothly with

this peptide, and our guess is that we have as yet been unable to

find conditions under which the palmitoylated peptide can adopt

the native α-helical conformation and that it instead seems to

aggregate. This is in agreement with the observation that native

helical SP-C unfolds into an extended conformation in 100%

acids [21].

The dipalmitoylated peptides 6 and 7 were also analysed by

CD spectroscopy, and the CD spectrum of 7 was virtually

identical with that of 5, which gives a spectrum typical for an α-

helical conformation. The conformation of 4 is known from both

Figure 2 CD spectra of SP-C (1–17) (broken line) and S,S-dipalmitoylSP-
C(1–17) (continuous line) in 10 mM dodecylphosphocholine/50 mM sodium
phosphate buffer, pH 6.0 at 22 °C

NMR and CD measurements to form a helix between positions

11 and 17, but to be otherwise disordered [20]. However, the CD

spectrum shows that the S,S-dipalmitoylated SP-C(1–17) (6) is

largely in an α-helical conformation (Figure 2). This is an

# 1999 Biochemical Society
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intriguing finding and suggests that the palmitoyl groups enhance

the tendency of the peptide to adopt this conformation in

dodecylphosphocholine micelles. Whether this reflects the func-

tion of the palmitoyl group in the native SP-C remains to be

explored.

We now clearly have an efficient method by which we can

palmitoylate various peptide models in order to investigate the

role of palmitoyl groups. The method is limited to peptides that

contain only hydroxy or thiol groups to be acylated, since, under

the conditions used, it would be difficult to get selective acylation

of either group in presence of the other. On the other hand an

advantage of the method is that it can be executed without risk

of substantial amide formation, since the time window from

complete O- or S-acylation to reaction with amino groups is

quite substantial. An excess of reagent can thus be used, which

makes the reaction more reproducible, owing to a virtually

constant concentration of reagent, and the reaction becomes less

sensitive to moisture and should only require a minimum of

experimental experience to execute. A reaction time of 0.5–1 min

seems sufficient for a complete reaction, but to account for most

cases we would recommend a standard time of 10 min, which

also gives a good margin to the considerably slower further

amino acylations that could occur. The method should also be

generally applicable to O- and S-acylation of peptides with acyl

groups other than palmitoyl, as long as these do not contain too

acid-sensitive functionalities.
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Swedish Medical Research Council (J. J.).

REFERENCES

1 Casey, P. J. and Buss (eds.) (1995) Methods Enzymol. 250
2 Dunphy, J. T., Greentree, W. K., Manahan, C. L. and Linder, M. E. (1996) J. Biol.

Chem. 271, 7154–7159

3 O’Brien, P. J., St. Jules, R. S., Reddy, T. S., Bazan, N. G. and Zats, M. (1987) J. Biol.

Chem. 262, 5210–5215

4 Bano, M. C., Jackson, C. S. and Magee, I. (1998) Biochem. J. 330, 723–731

Received 15 April 1999/26 July 1999 ; accepted 1 September 1999

5 Hackett, M., Guo, L., Shabanowitz, J., Hunt, D. F. and Hewlett, E. L. (1994) Science

266, 433–435

6 Gustafsson, M., Curstedt, T., Jo$ rnvall, H. and Johansson, J. (1997) Biochem. J. 326,
799–806

7 Wedegaertner, P. B., Wilson, P. T. and Bourne, H. R. (1995) J. Biol. Chem. 270,
503–506

8 Omary, M. B. and Trowbridge, I. S. (1981) J. Biol. Chem. 256, 12888–12892

9 Curstedt, T., Johansson, J., Persson, P., Eklund, A., Robertson, B., Lo$ wenadler, B.

and Jo$ rnvall, H. (1990) Proc. Natl. Acad. Sci. U.S.A. 87, 2985–2989

10 Creuwels, L. A. J. M., Demel, R. A., van Golde, L. M. G., Benson, B. J. and

Haagsman, H. P. (1993) J. Biol. Chem. 268, 26752–26758

11 Wang, Z., Gurel, O., Baatz, J. E. and Notter, R. H. (1996) J. Biol. Chem. 271,
19104–19109

12 Qanbar, R., Cheng, S., Possmayer, F. and Schu$ rch, S. (1996) Am. J. Physiol. 271,
L572–L580

13 Vandenbussche, G., Clercx, A., Curstedt, T., Johansson, J., Jo$ rnvall, H. and

Ruysschaert, J.-M. (1992) Eur. J. Biochem. 203, 201–209

14 Szyperski, T., Vandenbussche, G., Curstedt, T., Ruysschaert, J.-M., Wu$ thrich, K. and

Johansson, J. (1998) Protein Sci. 7, 2533–2540

15 Shiffer, K., Hawgood, S., Haagsman, H. P., Benson, B., Clements, J. A. and Goerke,

J. (1993) Biochemistry 32, 590–597

16 Waldmann, H. and Na$ gele, E. (1995) Angew. Chem. Int. Ed. Engl. 34, 2259–2262

17 Cronan, Jr., J. E. and Klages, A. L. (1981) Proc. Natl. Acad. Sci. U.S.A. 78,
5440–5444

18 Stults, J. T., Griffin, P. R., Lesikar, A. N., Naidu, A., Moffat, B. and Benson, B. J.

(1991) Am. J. Physiol. 261, L118–L125

19 Griffiths, W. J., Hjertman, M., Lundsjo$ , A., Wejde, J., Sjo$ vall, J. and Larsson, O.

(1996) Rapid Commun. Mass Spectrom. 10, 663–675

20 Johansson, J., Szyperski, T. and Wu$ thrich, K. (1995) FEBS Lett. 362, 261–265

21 Nilsson, G., Gustafsson, M., Vandenbussche, G., Veldhuizen, E., Griffiths, W., Sjo$ vall,
J., Haagsman, H., Ruysschaert, J.-M., Robertsson, B., Curstedt, T. and Johansson, J.

(1998) Eur. J. Biochem., 255, 116–124

22 Larsson, E., Luning, B., Reed, J. and Krog-Jensen, C. (1996) Acta Chem. Scand. 50,
1009–1012

23 Barany, G. and Merrifield, R. B. (1980) in The Peptides, vol. 2 (Gross, E. and

Meienhofers, J., eds.), pp. 1–284, Academic Press, New York

24 Horiki, K., Igano, K. and Inouye, K. (1978) Chem. Lett. 165–168

25 Ko$ nig, W. and Geiger, R. (1970) Chem. Ber. 103, 788–798

26 Ko$ nig, W. and Geiger, R. (1970) Chem. Ber. 103, 2024–2033

27 Ko$ nig, W. and Geiger, R. (1970) Chem. Ber. 103, 2034–2040

28 Sarin, V. K., Kent, S. B. H., Tam, J. P. and Merrifield, R. B. (1981) Anal. Biochem.

117, 147–157

29 Gutte, B. and Merrifield, R. B. (1971) J. Biol. Chem. 246, 1922–1941

# 1999 Biochemical Society


