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The innate reactivity of a membrane associated peptide towards lipids:
acyl transfer to melittin without enzyme catalysis†
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The innate reactivity of the peptide melittin (H-GIGAVLKVLTTGLPALISWIKRKRQQ-NH2) towards
membrane lipids has been explored using LC-MS methods. The high sensitivity afforded by LC-MS
analysis enabled acyl transfer to the peptide to be detected, within 4 h, from membranes composed of
phosphocholines (PCs). Acyl transfer from PCs was also observed from mixtures of PC with
phosphoserine (PS) or phosphoglycerol (PG). In the latter case, transfer from PG was also detected. The
half-lives for melittin conversion varied between 24 h and 75 h, being fastest for POPC and slowest for
DOPC/DMPG mixtures. The order of reactivity for amino groups on the peptide was N-terminus > K23
≫ K21 > K7. Products arising from double-acylation of melittin were detected as minor components,
together with a putative component derived from transesterification involving S18 of the peptide.

Introduction

Despite enzyme-catalysed protein lipidation reactions being well
established,1,2 acyl group transfer from lipids to proteins in the
absence of enzyme catalysis is poorly characterised. Any notion
that the lipid membrane may be considered a chemically inert
medium, in respect of the proteins and peptides associated with
it, was recently challenged by the observation of innate reactivity
between the peptide melittin and membranes composed of phos-
phocholines.3 This reactivity was identified through the detection
of acylated melittin in MALDI-ToF MS spectra of synthetic (i.e.
enzyme-free) melittin–lipid mixtures. Whilst the MALDI-ToF
MS method was sufficiently sensitive to detect both products of
the reaction, namely the acylated melittin itself and the lyso-
phosphocholine byproduct 2 (Scheme 1), it was of insufficient
sensitivity to detect reaction products in the early stages after
addition of melittin to membranes. It was therefore desirable to
develop a more sensitive analytical LC-based method to address
sensitivity issues and facilitate quantification of the reaction at
each of the available sites of the peptide with a range of lipids.
The resulting LC-MS method, which is of sufficient sensitivity
to detect acylation with 4 h of peptide addition, as well as the
presence of previously undetected reaction products, is reported
herein.

1-Palmitoyl-2-oleoyl-3-phosphocholine (POPC)

Separation of acylated melittin by liquid chromatography

All experiments were conducted by incubating melittin and uni-
lamellar liposomes of 100 nm diameter at 37 °C in high salt
buffers. Sodium bicarbonate at pH 7.4 was employed as buffer,
as this is suitably volatile for MS analyses and permits good

Scheme 1 Generalised reaction between melittin and phospholipids.
†Electronic supplementary information (ESI) available: control exper-
iments, full MS data. See DOI: 10.1039/c2ob07113d
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chromatographic separation by reverse-phase LC. LC-MS ana-
lyses using a C18 column gave good separation of unreacted
melittin, acylated melittin and both lyso-PCs (Fig. 1A). The sep-
arated components were detected using a photodiode array
(PDA) detector and an ESI FTICR mass spectrometer (further
details in the ESI†).

It was striking that six acyl melittin peaks could be detected in
the LC trace, with two of these predominating (peaks v and vi,
Fig. 1A). For most experiments, LC analyses were performed
using injection quantities that were insufficient for peak detec-
tion by UV methods. However, some analyses (for higher order
MSn experiments) were conducted with a higher loading that
permitted a comparison of the peaks arising from the total absor-
bance of the PDA detector with those of the ion current (Fig. 1A
and B). With the assumption that acylation did not significantly
modify the extinction coefficient of the peptide, this comparison
indicated that the ionisation efficiency of the acylated products
differed significantly.

This was most notable for peaks iii and vi, both of which had
different relative peak areas from the PDA when compared with
those determined by ion intensity. It was nevertheless apparent
that both the PDA and total ion chromatograms (TICs) gave the
same trend in relative peak area for each of the peptides in the
mixture, with peak vi being the predominant acylated melittin in
both cases. Relative peak areas from the MS chromatogram
(Fig. 1A) could therefore be interpreted in a semi-quantitative
manner to assess the amount of each of the compounds present.

Analysis of extracted ion chromatograms (EICs) revealed that
each of the two possible lyso-PCs eluted as two peaks (see
ESI†). The major peak in each case had a longer retention time
and was attributed to the 1-acyl lyso-PC. The minor peak was
attributed to the 2-acyl lyso-PC, with the two lyso-PCs existing
in equilibrium by transesterification.4 Peak viii (Fig. 1A) is the
minor peak corresponding to 2-palmitoyl PC. The corresponding
minor peak for 2-oleoyl PC is masked by the major peak for
1-palmitoyl PC (peak ix).

Product identification by MS and tandem MS methods

Acylated melittin products were easily identifiable through the
observation of molecular ion charge state series [M + nH]n+

where n = 3–5, corresponding to the addition of either an oleoyl
or a palmitoyl group (Fig. 2). In addition to these multiply
charged ions, smaller ions corresponding to in-source fragments
were seen in all spectra. The major in-source fragmentation
product resulted from y-type cleavage at P14. Therefore, for
melittin and melittin acylated N-terminal to P14, the major frag-
ment had an m/z of 812, corresponding to the unmodified
C-terminal fragment.

Fig. 1 LC chromatograms from a mixture of melittin (45 μM) and
POPC (0.25 mM) at 37 °C in 10 mM NaHCO3 and 90 mM NaCl, after
52 h. Separation was performed using an Xbridge C18 column (Waters),
with a linear reverse-phase gradient over 12 min. (A) Total ion chroma-
togram (TIC), plotted as absolute intensity; (B) total PDA absorbance.
Peak i is melittin; ii–vii are acylated melittin; viii–x are lyso-PC.

Fig. 2 MS spectra (absolute intensity) summed over peak v (A) and
peak vi (B). Ions are identified as [M + nH]n+, where n = 3–5, for palmi-
toyl melittin (m/z 1029.0, 772.0, and 617.8) and oleoyl melittin (m/z
1037.7, 778.5, and 623.0). In (A), ions with m/z 944.6 and 736.0 are
oleoylated in-source fragments; ions with m/z 931.6 and 729.5 are the
corresponding palmitoylated fragments. In (B), ions of m/z 812.0, 669.9,
665.7, 558.8 and 541.7 are unacylated in-source fragments.

5372 | Org. Biomol. Chem., 2012, 10, 5371–5378 This journal is © The Royal Society of Chemistry 2012
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For melittin acylated on the C-terminal half of the sequence,
this y-type fragment was observed with m/z 932 (palmitoyl)
or 945 (oleoyl). This provided clear indication of the region
of the peptide to which acyl transfer had occurred even
before any other analyses such as tandem MS had been
performed.

Tandem MS (MS/MS) was performed on the [M + 4H]4+

charge state for acylated melittin (m/z 772 and 778 for palmitoyl
and oleoyl respectively). This yielded clear sequence ladders of
y-type and b-type fragments that permitted unambiguous
identification of peak vi as the N-terminal acylated peptide
(Fig. 3A) and peak v as the peptide modified at K21 or K23

Fig. 3 Higher level MS analyses of peaks v and vi (Fig. 1): (A) MS/MS of peak vi, precursor ion m/z 772.0; (B) MS/MS of peak v, precursor ion
m/z 778.5; (C) MS3 of peak vi, precursor ion m/z 976.6 (indicated by a dagger in Fig. 3A) from MS/MS of peak vi. The peak indicated with a double
dagger corresponds to the parent–H2O; (D) MS3 of peak v, precursor ion m/z 630.3 (indicated by a dagger in Fig. 3B) from MS/MS of peak
v. Residues (G*, K*) matching the site of modification are indicated by asterisks. Data are presented as absolute intensity. Full assignments are given
in the ESI.†

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 5371–5378 | 5373
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(Fig. 3B). The product ion of m/z 976.6 in the MS/MS spectrum
of the palmitoylated precursor in peak vi (Fig. 3A) was further
fragmented to yield a very clean sequence ladder of b-type ions
matching N-terminal acylation (Fig. 3C), which both confirmed
this assignment and ruled out this peak in the LC trace arising
by modification at other sites.

The product ion of m/z 630.3 in the MS/MS spectrum of the
oleoylated component in peak v was also fragmented, yielding a
sequence ladder of y-type fragments that extended sufficiently
close to the C-terminus to rule out modification of K21. Peak v
was therefore assigned as the product arising from acylation of
K23.

Progress of the reaction with POPC

Analysis by LC-MS offered the possibility of monitoring the
processes of palmitoylation and oleoylation separately, enabling
a comparison of the reactivity of the fatty acyl groups at each
position of the lipid. In practice, only the three major peaks in
the LC trace corresponding to melittin (peak i), N-acyl melittin
(peak vi) and K23-acyl melittin (peak v) were monitored in
these experiments, which were conducted using smaller quan-
tities of material per injection than those used for the chromato-
gram in Fig. 1. Nevertheless, it was striking that the presence of
N-acyl melittin could be detected within 4 h (Fig. 4A).

Examination of the EICs (Fig. 4B) revealed that the first
detectable product, after 4 h, was N-palmitoyl melittin. This can
be accounted for by either the N-palmitoyl species forming first,
or a propensity for the palmitoylated peptide to ionise more
easily by electrospray than its oleoyl counterpart, the effects of
which will be more pronounced at low concentrations. As a con-
sequence, no firm conclusions can be made regarding the selec-
tivity of product formation in the early stages. In the later stages
of the reaction, it is clear that a significant degree of conversion
is achieved, and that the reaction displays subtle lipid

regioselectivity. This is most evident when comparing the palmi-
toyl and oleoyl traces after 95 h and 173 h (Fig. 4B), where the
fatty acyl selectivities for reaction at the N-terminal amino and
K23 amino groups are opposed, with oleoylation of K23 pre-
ferred and palmitoylation of the N-terminal amino group margin-
ally favoured.

Minor products in the reaction with POPC

Three minor monoacylated products could be detected, (peaks
ii–iv, Fig. 1), albeit with very weak intensities. The presence of
these components was more evident upon examination of the
LC-MS3 traces for these samples (Fig. 5). Although the ion cur-
rents were understandably low, the higher order MSn exper-
iments yielded significant improvements in the signal-to-noise
ratio in these analyses. Where the ion corresponding to m/z 972
was used as the precursor ion for MS3 experiments (Fig. 5A), all
three of the minor peaks (ii–iv) were resolved. When the MS3

precursor ion at m/z 630.2 was used however (Fig. 5B), peak iv
was absent. This implies that the MS/MS precursor ion (m/z
772) for peak iv did not fragment to yield a product ion with m/z
630.2, suggesting that peak iv corresponds to a product acylated
N-terminal to P14. On the other hand, peaks ii and iii both
yielded a product ion with m/z 630.2, suggesting that they are
both products modified in the C-terminal portion of the peptide
after P14.

The observation of all of peaks ii–iv in Fig. 5A can be attribu-
ted to the precursor ion of m/z 972 being a y-type fragment of
sufficient size to cover all of the internal lysines and the C-termi-
nus of the peptide. On the basis of mass spectra from these
peaks (see ESI†), peak iv has been tentatively assigned as the
product of acylation at K7 and peak iii as acylation at K21. The
remaining peak was difficult to assign, although the product ion
sequence ladder indicated that it was modified at, or C-terminal
to, S18. On the basis of the available sites of reaction, we
propose that this product arises by acylation of S18 in a trans-
esterification reaction.

Fig. 4 Change in LC profile over time for the reaction of melittin with
POPC (conditions as Fig. 1). In each case, the total integrated peak area
has been normalised between runs for those peaks visible in the plot.
(A) Combined extracted ion chromatograms (EICs) for melittin and acy-
lated melittin. (B) EICs for oleoyl and palmitoyl melittin.

Fig. 5 TICs for MS level 3 in analyses of POPC/melittin. Peak labels
correspond to those of Fig. 1. (A) MS/MS precursor m/z 772; MS3 pre-
cursor to the left of the dotted line m/z 972 and m/z 976 to the right. (B)
MS/MS precursor m/z 778; MS3 precursor to the left of the dotted line
m/z 630.2 and m/z 1115.5 to the right.

5374 | Org. Biomol. Chem., 2012, 10, 5371–5378 This journal is © The Royal Society of Chemistry 2012
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In previous work using MALDI-ToF MS, doubly acylated
peptides were not detectable in the mixture.3

However, the improvements in sensitivity offered by LC sep-
aration combined with electrospray MS enabled these products
to be identified over a wide span of retention time
(9.5–11.5 min, Fig. 6) that included peak vii. For each charge
state, a group of three ions was observed, corresponding to
doubly oleoylated, singly oleoylated plus singly palmitoylated,
and doubly palmitoylated melittin, in descending order of m/z.
In principle, assuming reaction of 2 acyl groups at 4 potential
sites, a total of 24 distinct doubly acylated peptides could result.
Given the effects of single substitutions at different positions on
retention time (Fig. 5), the corresponding extracted ion chroma-
tograms for doubly-acylated melittin were understandably
complex (see ESI†). Added to this, the retention times for some
of the doubly acylated peptides overlapped those of the lyso-
PCs, with potential effects on the magnitude of the ion currents
observed. This made precise quantification of the extent of
double acylation difficult. Our best estimate for the proportion of
doubly acylated product, based on the PDA (Fig. 1) and
extracted ion chromatogram data, is ≤10%.

Acyl transfer from other lipids

1-Oleoyl-2-palmitoyl-3-phosphocholine (OPPC)

The reaction between melittin and membranes composed of
OPPC was followed to determine whether the small degree of
selectivity found with POPC was attributable to the position on
the glycerol backbone, or the chemical nature of the acyl group.
The data (Fig. 7) indicated that the overall rate of reaction was
marginally slower to that observed for POPC.

Oleoylation of K23 was still marginally favoured over palmi-
toylation, suggesting that the identity of the acyl group had some
influence on the reactivity at this position. As with POPC, selec-
tivity for reaction at the N-terminal amino group of melittin was
minimal, with a marginal preference for transfer of the acyl
group at the 1-position of glycerol.

1,2-Dioleoyl-3-phosphocholine (DOPC)/1,2-dipalmitoyl-3-
phosphoserine (DPPS), 4 : 1

This lipid mixture was examined in order to determine whether
the reaction could be extended to classes of lipid other than PCs.
In particular, negatively charged lipids have been shown to
enhance the membrane binding of melittin,5 with the bound
peptide exhibiting restricted conformational freedom when com-
pared with PC membranes. Interestingly, with this lipid mixture,
acyl transfer was only observed from the PC component (Fig. 8).

This selectivity for PC over PS indicates that mode of binding
and orientation of the peptide with regard to individual lipid

Fig. 6 Mass spectrum (absolute intensity) averaged over RT
10 : 00–10 : 40 (peak vii, Fig. 1), showing the presence of ions corre-
sponding to doubly-acylated melittin, [(melittin + 2acyl – 2H) + nH]n+,
where n = 3–5.

Fig. 7 LC profiles for the reaction with OPPC (conditions as Fig. 1).
The total integrated peak area is normalised between runs for those
peaks visible in the plot. (A) TICs for melittin and acylated melittin. (B)
EICs for oleoyl and palmitoyl melittin.

Fig. 8 LC profile for the reaction with DOPC/DPPS (conditions as
Fig. 1). In each case, the total integrated peak area is normalised
between runs for those peaks visible in the plot. (A) TICs for melittin
and acylated melittin. (B) EICs for oleoyl melittin (palmitoyl melittin
was not detected).

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 5371–5378 | 5375
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components are fundamental in determining its surface
reactivity.

DOPC/1,2-dimyristoyl-3-phosphoglycerol (DMPG), 4 : 1

The effects of lipid composition on the reaction were extended
to mixtures of PC with PG (Fig. 9).

Upon examination of the melittin/DOPC/DMPG mixture, it
was evident that products of acyl transfer from both DOPC and
DMPG could be detected (Fig. 9). In this case, the difference in
retention times between equivalent oleoylated and myristoylated
peptides was such that the N-terminal myristoylated peptide co-
eluted with the K23 oleoylated peptide (Fig. 9, peak iv). Using
extracted ion data it was possible to detect myristoyl transfer
from PG within 95 h, and oleoyl transfer from PC within 28 h, a
somewhat slower rate than found with any of the other lipid mix-
tures (Fig. 10).

This slower rate may be attributable to a change in binding
exhibited by melittin in the presence of PG, but it is nevertheless
interesting to note from a fundamental point of view that the
reaction is not restricted to PC lipids.

Comparison of reaction rates

As discussed above, the LC peak areas from ion chromatograms
give only a semi-quantitative report of the amounts of product
present, and consequently the reaction rate. Nonetheless, com-
parison of the peak areas (Fig. 11) from the different reactions
described above reveals two general points. Firstly, the reaction
with DOPC/DMPG is confirmed as being slower than the others.
Secondly, for all of the reactions, apart from that with DOPC/
DMPG, the time required for 50% conversion is ∼24 h, which is
significantly faster than that observed previously with POPC in
phosphate buffered saline (16 days).3

Discussion

The reactivity of peptidic functional groups (amines, thiols, alco-
hols) will be determined by their local environment. In order for
acyl transfer to occur, reactive groups of the acyl acceptor
(peptide) must approach sufficiently close to the carbonyl
groups of the lipid acyl chains in a suitably reactive form, i.e. as
the free amine. Therefore, when considering the relative rates of
acyl transfer at different sites on the peptide, the effects of amine
basicity on both the intrinsic rate of reaction and partitioning
into the membrane have to be considered.

Aminolysis of alkyl esters in water is generally considered to
proceed by rapid reversible attack of the amine on the carbonyl
centre to form an initial charge-separated tetrahedral intermediate
(T±) that then converts into a negatively charged form (T−),
either by proton abstraction in reactions proceeding with general
base catalysis, or by proton exchange involving water in uncata-
lysed reactions. Conversion of T± to T− (base catalysed) and the
formation or collapse of T− (uncatalysed or water catalysed) are
expected to be rate determining.6 Higher rates are favoured by

Fig. 10 LC profiles for the reaction with DOPC/DMPG (4 : 1, con-
ditions as Fig. 1). The total integrated peak area is normalised between
runs for those peaks visible in the plot. (A) TICs for melittin and acy-
lated melittin. (B) EICs for oleoyl and myristoyl melittin.

Fig. 9 LC chromatogram (TIC) for the reaction of melittin (45 μM)
with DOPC/DMPG (4 : 1, 0.25 mM) after 52 h at 37 °C in 10 mM
NaHCO3 and 90 mM NaCl. Analysis was performed using the same
conditions as Fig. 1. Peak i is melittin; peaks ii to v are acylated melittin;
peaks vi and vii are lyso-PC/lyso-PG.

Fig. 11 Comparison of the rates of acyl transfer with different lipid
mixtures. The degree of conversion is expressed as 1 − θ, where θ is the
melittin peak area divided by the total peak area of melittin + acyl melit-
tin peaks in the ion chromatogram. Errors in (1 − θ) are ± 0.1.

5376 | Org. Biomol. Chem., 2012, 10, 5371–5378 This journal is © The Royal Society of Chemistry 2012
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amines with conjugate acids of high pKa (i.e. more basic
amines).7

The proportion of the amine that will exist in the neutral form
at pH 7.4 will show an inverse relationship with the pKa of the
conjugate acid, leading to less penetration of the membrane and
reduced reaction rates for more basic amines. The effects of pKa

on the rate of acyl transfer are therefore modulated by factors of
intrinsic reaction kinetics and membrane penetration that are
opposed in their effects.

This raises the question of how the effective pKa values of the
ammonium species in the membrane bound state of melittin are
able to influence the reaction. Analysis of amino group protona-
tion in melittin is complicated by the existence of monomeric
and tetrameric forms of the peptide in equilibrium, with for-
mation of the tetramer promoted at high pH when amino groups
are in the neutral state.8 There is general consensus however, that
the N-terminal ammonium group has a pKa in the range
7.5–8.15 in both monomeric and tetrameric states of the peptide
in solution.9,10 One study has addressed the pKa values of the
ammonium groups in a micelle-bound state (using monomyris-
toyl PC) by 15N NMR, finding a pKa value for the N-terminal
ammonium group of 7.9,10 which is supported by other NMR
studies with micelle-associated melittin.11 This relatively low
pKa value for the N-terminal ammonium group indicates that a
substantial fraction will be in the neutral form at pH 7.4 and
suggests that membrane partitioning is the more important factor
for determining the higher reactivity associated with this group.
The lysine ammonium groups of K7 and K21 are consistently
found with higher pKa values, in the range 9.2–10.2, both for the
tetramer in solution and the micelle-associated form.8–10 This is
consistent with their low reactivity, compared to the N-terminal
amino group, again due to partitioning effects. The greatest dis-
crepancy in measured pKa values occurs for K23, with values
ranging from 8.5 to 10.1 for the melittin tetramer in solution,8,10

and 10.1 determined for the micelle-associated peptide.10

Although a pKa of 8.5 is more in keeping with the reactivity of
the side chain of K23, the higher value was obtained by more
robust NMR methods. An additional factor that will influence
reactivity is the membrane disposition of the peptide, which
itself will depend on properties such as peptide amphipathicity
and membrane composition. In general, in PC membranes the
melittin monomer orients with the helices in the plane of the
membrane, penetrating to approximately the depth of the gly-
cerol group of the lipid.12 At higher peptide concentrations,
other helix orientations are sampled, including some that appear
to be transmembrane, although a substantial fraction of the
peptide remains bound in the plane of the membrane.13 Interest-
ingly, K23 appears to be located in a region with less confor-
mational order,14 which may account for the greater reactivity
seen at this position, as may catalysis from neighbouring basic
residues in the sequence. Further complications arise when con-
sidering whether bicarbonate ions exert any effect on the rate of
reaction. Bicarbonate, along with other bifunctional anions such
as the phosphate dianion, is able to function as a catalyst in ami-
nolysis reactions by simultaneously facilitating proton donation
to, and abstraction from, the dipolar tetrahedral intermediate
(T±).15 The increased rates of reaction observed in the presence
of bicarbonate suggest that either the anion is able penetrate
sufficiently into the membrane to influence the rate determining

step, or that T± is sufficiently solvent exposed to be accessible to
the anion.

In the presence of PG or PS, the peptide exhibits a greater
affinity for the membrane, and the membrane-associated state
samples less conformational space than in PC-only mem-
branes.13,16 However, studies to address whether melittin associ-
ation with membranes containing PS or PG leads to demixing
(phase separation) of the negatively charged lipid component
have produced mixed results, depending to some degree on the
nature of the acyl chains of the PC and PG or PS components.
Outcomes have ranged from no evidence for demixing of PS in
DMPC/DMPS following melittin binding,17 to demixing of PG
in DSPC/DPPG.18 Our data match a pattern in which binding of
melittin to DOPC/DPPS leads to demixing of the PS component,
with no subsequent reaction with PS, presumably due to a more
peripheral binding of the peptide. On the other hand, melittin
binding to DOPC/DMPG behaves in a manner consistent with
lipid mixing, with the rate of reaction slowed by the reduced
conformational freedom of the peptide and a disposition that is
more distal from the lipid acyl carbonyl groups.

Conclusions

The data presented in this paper, alongside our previous com-
munication, prove unambiguously that peptides are subject to
acyl transfer from lipids in the absence of enzyme catalysis. This
transfer exhibits some lipid selectivity, and a modest regioselec-
tivity in terms of the available reactive groups on the peptide.
Whilst the reaction itself (amine + ester to give amide + alcohol)
is not without precedent, the significance in this case is due to
the potential impact these findings have on current thinking
about the membrane. Biological membranes cannot be con-
sidered as chemically inert; any molecule placed in, or on the
surface of, a biological membrane is potentially subject to acyl
transfer from one or more of the constituent lipids. This reactiv-
ity has been demonstrated using melittin; it is unclear at this
stage where melittin lies on the reactivity scale, i.e. whether this
peptide is typical or atypical of membrane peptides in general. It
is to be expected that some sequence motifs and patterns of
amphipathicity will favour the reaction by placing the reactive
groups in close proximity, in the vicinity of side chains that can
provide acid or base catalysis of the reaction. Understanding
these parameters will enable a greater depth of understanding of
this process.
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