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The calcium-dependent interaction of calmodulin and melittin is studied through the appli-
cation of a radical probe approach in which solutions of the protein and peptide and protein
alone are subjected to high fluxes of hydroxyl and other oxygen radicals on millisecond
timescales. These radicals are generated by an electrical discharge within an electrospray ion
source of a mass spectrometer. Condensation of the electrosprayed droplets followed by
proteolytic digestion of both calmodulin and melittin has identified residues in both which
participate in the interaction and/or are shielded from solvent within the protein complex.
Consistent with other theoretical models and available experimental data, the tryptophan
residue of melittin at position 19 is shown to be critical to the formation of the complex with
the C-terminal domain of peptide enveloped by and protected from oxidation upon binding to
the protein. Furthermore, the N-terminal domain (to residue 36) and tyrosine at position 99 in
calmodulin are significantly protected from limited oxidation upon the binding of melittin
while exposing the phenylalanine residue at position 92 of the flexible loop domain. The
N-terminus (through residue 36) of calmodulin is shown to lie in closer proximity to the
melittin helix than its C-terminal counterpart (residues 127-148) based upon the protection

levels measured at reactive residues within these segments of the protein.

(J Am Soc Mass

Spectrom 2005, 16, 225-233) © 2004 American Society for Mass Spectrometry

( jalmodulin is a ubiquitous eukaryotic protein
that regulates the activity of a wide variety of
enzymes through its binding to them in the

presence of calcium [1, 2]. The interaction between

calmodulin and a target protein is a key step in many
calcium-regulated cellular functions [3, 4]. Calmodulin
has also been shown to be able to bind a wide range of
smaller ligands, including polypeptides, in which the
interaction takes place between amino acid side chains

[5, 6]. Peptides with little sequence homology, however,

are capable of binding to calmodulin, though the ma-

jority of peptides that do so have a high propensity to
form an amphipathic a-helix [7, 8] and contain a cluster
of basic residues.

The interaction between calmodulin and the a-helical
peptide melittin has been the subject of a number of
investigations over the years using a range of spectro-
scopic approaches [9-17]. Fluorescence and circular di-
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chroism spectroscopy have revealed that in the presence
of calcium, both calmodulin and melittin undergo signif-
icant structural changes, particularly in the vicinity of
tyrosine residues 99 and 138 in calmodulin and at trypto-
phan 19 in melittin [9]. Small angle X-ray scattering has
also identified significant structural changes in calmodu-
lin with its transformation from a dumbbell to globular
conformation upon its binding to melittin [13]. Similar
conclusions have been drawn from limited proteolysis
experiments followed by mass spectrometric analysis [16].

Despite an earlier report on the successful growth of
crystals of the calmodulin—melittin complex containing
bound calcium [18], no X-ray crystallographic data have
been made publicly available. X-ray crystal data for
other calmodulin—peptide complexes, however, have
been obtained [19] and the structure of the calmodulin—
melittin complex predicted [16] based on this data and
proton NMR studies for the unbound protein [20].
Nonetheless, to-date there exists no high-resolution
experimental data for the calmodulin—melittin complex
that represents an important model of calmodulin tar-
get recognition.

To explore further the interaction between this im-
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portant protein and the peptide melittin, we have
applied an approach developed over a number of years
to probe protein structure and interactions using oxy-
gen-based radicals [21-28]. Briefly, proteins or their
complexes are treated with a high flux of radicals on
millisecond timescales that results in the limited (less
than a few percent) oxidation of individual amino acid
side chains. It has been found that where the reaction
timescales are short (less than 10-30 ms), the extent of
oxidation at reactive amino acid residue side chains is
highly influenced by the accessibility of these sites to
the bulk solvent [21-28]. This would not be the case
were the structure of the protein or complex to be
perturbed. A quantitative measure of the level of oxi-
dation at all reactive residues across the protein se-
quence enables a map of the surface of the protein or an
interaction interface to be derived.

Initially, radicals were produced on these fast time-
scales through the radiolysis of dilute peptide and
protein solutions with synchrotron radiation [29]. We
have since discovered a more convenient source of
radicals through the application of an electrical dis-
charge within the electrospray ion source of a mass
spectrometer [21, 24, 25, 27, 28]. A similar flux of
hydroxyl and other oxygen radicals are produced that
react with proteins in solution at the needle tip and
within the electrosprayed solution droplets. Compara-
ble oxidation levels are effected by either method; the
latter discharge approach enables the products to be
analyzed directly by mass spectrometry.

This radical based approach coupled to mass spec-
trometric analysis [21-29] requires minimal (nanogram)
levels of protein, can be applied to protein mixtures
without their purification, and is capable of providing
protein structure information with single amino acid
resolution (at reactive residues) with relatively high
sample throughput. The method has been successfully
applied to follow the dynamics of protein folding at
both the global and local level [23] and subsequently to
several protein complexes [25, 27, 28].°In°the°case®of
protein-protein complexes, the interaction can be
mapped at either or both of the binding partners based
upon the reduced levels of oxidation measured at
reactive amino acid residue side chains within the
interface.

In this article, we report for the first time the appli-
cation of the discharge-based approach to probe a metal
ion-dependent complex interaction calmodulin and
melittin for which no high resolution structure exists.
Structural features of the complex obtained from the
data generated in this study are discussed in light of
information obtained by other approaches.

Materials and Methods

Calmodulin from bovine brain (95%) and melittin from
honey bee venom (minimum 85%) were purchased
from Sigma-Aldrich Corporation (St. Louis, MO) and
used without further purification.
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Radical-Induced Oxidation of Mixtures
of Calmodulin and Melittin

Mixed solutions of calmodulin and melittin each at a
final concentration of 50uM, together where necessary
with peptides insulin A chain and adrenocorticotropic
hormone (ACTH) residues 18-39 also at 50 uM, were
prepared in 5mM ammonium acetate (at pH 7, or adjusted
to pH 4) containing 300 uM calcium acetate. These solu-
tions were infused into the electrospray ion source of an
LCQ quadrupole ion trap mass spectrometer (Ther-
mofinnigan, San Jose, CA) at a rate of 8 ul/min oper-
ated with a needle voltage of 8 kV. Oxygen was used as
the sheath gas at a regulator pressure of 250-350 kPa
corresponding to a flow rate of approximately 101/min.
Oxidized protein and peptide(s) were analyzed directly
by mass spectrometry or following condensation of the
electrosprayed droplets into an aluminium-capped
sample tube.

Enzymatic Digestion of Calmodulin and Melittin

Collected mixed solutions of oxidized calmodulin and
melittin were digested with either modified trypsin or a
mixture of modified trypsin and chymotrypsin (Roche
Diagnostics, Mannheim, Germany) at between 1 to 2%
by weight for 15 h at 37 °C in 5mM ammonium acetate
(pH 7). Protein-peptide digests were analyzed in LC-
MS, ion-intensity dependent MS/MS, and MALDI-MS
experiments.

Reverse-Phase LC-MS of Peptide Mixtures
and Proteolytic Digests

Collected protein and peptide samples and their
digests were analyzed using a high pressure, liquid
chromatography (HPLC) system (Spectra Physics,
Model 4000, San Jose, CA) coupled to the ESI source
of an LCQ quadrupole ion trap mass spectrometer
(Thermofinnigan, San Jose, CA) via a UV detector
(Spectra Physics, Model 6000). Reverse-phase chro-
matography was performed on a 1 X 150 mm Cgg
column (Vydac Separations Group Inc., Hesperia CA)
at a flow rate of 50uL/min by means of an Acurate
(LC Packings, Sunnyvale CA) solvent flow splitter.
Peptides were eluted from the column using a 5%
gradient of acetonitrile and water each containing
acetic acid (0.1% by volume) and TFA (0.01% by
volume). All mass spectral data were recorded in the
profile mode. The level of oxidation was measured
based on the area under the selected ion chromato-
graphic traces generated for each peptide in its oxi-
dized and unoxidized form across all charge states.

MS/MS spectra were generated for preselected
ions or the most abundant ions per scan in the
ion-intensity dependent mode. Precursor ions were
dissociated through their collision with helium gas in
the ion trap at a collision energy setting of 25-40
(arbitrary units).
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Figure 1. Deconvoluted (by molecular weight) ESI mass spec-
trum of calmodulin oxidized by electrical discharge in the absence
(top) and presence (bottom) of melittin.

Both°ESI-MS°and°MS/MS°spectra®(except°Figure®6)
shown represent the sum of multiple scans to reduce
noise and improve ion statistics.

MALDI-MS Analysis of Proteolytic Digests

The MALDI mass spectrum was recorded on an Ap-
plied Biosystems QSTAR hybrid mass spectrometer
operating in the TOF-MS profile mode. The sample
solution was diluted tenfold with a matrix solution
containing a-cyano-4-hydroxycinnamic acid in acetoni-
trile and water (70:30 by volume) containing 0.1%
trifluoroacetic acid, a portion (1 pl) dried onto the
MALDI plate, and ablated at a laser power between 5 to
10% corresponding to 10 uJ. The spectrum represents
an average of 30 laser shots and is externally calibrated.

Results

Bovine calmodulin (Swiss-Prot ID: P62157) is com-
prised®of°148°amino’acid residues°[30]°of°which°30°are
potentially oxidizable under the conditions applied in
these®limited°oxidation®experiments°[21-29].°Solutions
of calmodulin alone and an equimolar mixture of cal-
modulin and melittin, both at pH 7 in the presence of
300 uM calcium, were separately oxidized within the
electrical discharge source. The products were analyzed
directly by mass spectrometry.

Figure® 1° shows® the® deconvoluted® (by® molecular
weight) ESI spectrum of calmodulin in the absence and
presence of melittin. Oxidation levels in calmodulin are
clearly higher in the absence of melittin and most
protein is shown to be present in a mono-oxidized form.
The average molecular weight measured for unoxi-
dized calmodulin of 16,789.0 Da. is in accord with that
calculated where the protein N-terminus is acetylated
and lysine at position 115 is trimethylated (calculated
average®M.Wt.°16,790.6°Da.)[16,°30].°The°reduced level
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of oxidation within the protein in the presence of
melittin is consistent with the protection of certain
oxidizable residue side chains and/or possible confor-
mational change upon the binding of calmodulin to
melittin. The results alone, however, do not exclude the
possibility that melittin merely acts as a radical sink and
is partially oxidized at the expense of calmodulin. The
full°ESI°spectrum®from°which°Figure®1b°was®derived
indeed exhibits dioxidized forms of melittin corre-
sponding to the ions [M + 3H + 20]*" [M + 4 + 20],
respectively, [M + 5H + 20]°" at m/z 959.5, 720.5, and
577.7°(Figure®2).

To preclude the possibility that melittin is oxidized
at the expense of calmodulin, the oxidation of calmod-
ulin was studied in the presence of melittin and an
equimolar mixture of two additional peptides, each of a
similar molecular weight (2500 Da.) consisting of insu-
lin A chain and the adrenocorticotropic hormone
(ACTH) peptide fragment comprising residues 18-39.
These protein—peptide mixtures were oxidized by elec-
trical discharge in the electrospray ion in solutions held
at pH 4 and 7. Reported data reveals that the 1:1
calmodulin—melittin complex is stable in solutions at
pH®6.5-7.0°[12]°but°dissociates®at’lower®pH.

The condensed electrosprayed solutions were sub-
jected to LC-MS analysis and ion signals for the pep-
tides and their oxidized counterparts identified within
selected ion chromatograms (SIC) generated from the
total ion chromatogram (TIC) for each nominated m/z
ratio®value® (see®for® example,® Figure®3).° The®level® of
oxidation detected in each peptide was quantified ac-
cording to a measure of the area from the SIC for each
oxidized peptide over the sum of areas for total peptide
(oxidized and unoxidized) across all multiply-charged
ions. All three peptides were found to oxidize in both
solutions (pH 4 and 7) though to different extents (see at
pH%7 inFigure®)“onsistent®withtheir°rangeofreactive
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Figure 2. Full ESI mass spectrum showing the oxidation of both
calmodulin and melittin and calmodulin following treatment of a
solution of the complex (at pH 7) with an electrical discharge.
Insert shows expanded plot of ions with m/z values <1000.
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Figure 3. Areas calculated from the selected ion chromatograms illustrated for the unoxidized
(m/z 712.5), monooxidized (m/z 716.5), and dioxidized (m/z 720.5) forms of the [M + 4H]** ions of
peptide melittin together with its mass spectral trace from LC-MS data.
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residues. Oxidation levels based upon the area under
the ion signals for the unmodified and oxidized pep-
tides were found to be constant for peptides insulin A
chain and ACTH 18-39 within experimental error at
bothpH%%and7intwoeplicate®experiments(Figureb).
Total oxidation levels within melittin, however, were
found to decrease (almost two fold to 29 from 45%) in
solutions maintained at pH 7 relative to those at pH 4
consistent with its selective protection upon binding to

calmodulin. The higher levels of oxidation observed
within the peptide at low pH (of 4) is consistent with
dissociation of the calmodulin-melittin complex.

Protection of Trp-19 Upon the Binding of Melittin
to Calmodulin

LC-MS experiments in conjunction with preselected ion
and ion-intensity dependent MS/MS scans were per-
formed to identify the oxidized residues in melittin and
calmodulin and sites of protection after digestion of the
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Figure 4. ESI mass spectrum showing the oxidation of melittin,
insulin A chain and ACTH18-39 in the presence of calmodulin
(mutliply-charged ions of charge 18+ through 14+ are denoted
“C”) at pH 7.

Figure 5. Oxidation levels measured for peptides melittin, insu-
lin A chain and ACTH18-39 in the presence of calmodulin at pH
4 and 7 based upon the total area under the ion signals for the
unmodified and oxidized peptide ions across all charge states.
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fragments (consisting of residues 1-7 and 8-21) and
several single amino acids and dipeptides toward the
C-terminus. No oxidation was detected in the N-termi-
nal fragment (residues 1-7). lon signals for the unoxi-
dized and dioxidized [M + 2H + 20]*" form of peptide
fragment (residues 8-21) eluted at approximately 43
min. Tandem mass spectra of the [M + 2H]?*" ions for
the unoxidized and dioxidized peptide fragment are
showninFigure®.°The m/z values for b, ions (n = 6 and
10) that contain up to the first 10 amino acid residues
from the N-terminus are identical in both spectra. The
m/z values, however, for all ions detected of the y,
series (n between 4 and 12) as well as the b5 and (b,,)**
ions are observed to shift up by +32 u in the tandem
mass spectrum of the dioxidized peptide (lower spec-
trum, °Figure©6).°Collectively,’this indicates that oxida-
tion occurs within residues SWIK toward the C-termi-
nus. Only tryptophan has been®found°to®oxidize®under
the°conditions®’employed°®in°these®experiments®[21,°24,
25,27,28].Similarly, ho%oxidation‘atisoleucine‘hasbeen
observed® [29]°in°initial synchrotron-based radiolysis
studies of model peptides. The oxidation of isomeric
leucine and lysine has been observed in leucine/lysine
rich-containing peptides [28, 29]°where°no°other°more
favorable®oxidation®pathways‘are°possible’[31].°
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Protection of Sites within Calmodulin
upon Binding to Melittin

The levels of oxidation within tryptic peptides derived
from the oxidation of calmodulin in the absence and
presence of melittin were measured by LC-MS. Values
for°six°oxidized tryptic®peptides®are°’shown°in°Table°l
together with one unreactive segment that serves as a
control. Collectively, these segments span over 42% of
the protein sequence. The six oxidizable tryptic pep-
tides each contain sulphur (within methionine) and
aromatic (within phenylalanine and tyrosine) contain-
ing amino acid residues that all have been shown to
oxidize®in®our®previous®studies®[21-29].° Selected®°ion
chromatograms were generated for each of the tryptic
peptide ions from the digest of calmodulin oxidized
alone and in the presence of melittin. The levels of
oxidation within the peptides were quantified based
upon the areas under the selected chromatogram for
each peptide in its unoxidized and mono-oxidized
form. Since peptides in their unoxidized and oxidized
forms share very similar structures and m/z values their
ionisation and detection efficiencies are assumed to be
identical.“The%oxidation‘data®are’summarizedin°Table‘l
together with the monoisotopic m/z values for the
peptides analyzed.

melittin 8-21

x2
[M + 2H]?
m/z 756.4
by
Yi2
95 v v 1299.5
12
10206 10973 | 8
1198.5 1365.5

Yg+32 =
959.4
[M + 2H + 20]%*
(b, +32)" ml/z 772.4
b, 763.4 yy+32
585.2 1129.6
bo Y05
beH,0 | (yyy+32)%" 979.4 . .
567.2 666.2 Yo Vi, +32
5 10724 15317 b +32
y,+32 565.2 754.3| (b,,+32-H,0) 1 13976
.I..,....,I,.[l. .l."l.". ,I,|.,,l., ,ll“l T S | ”I,l,|l i |||

300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 m/z

Figure 6. MS/MS spectra recorded for the doubly-charged ions of the tryptic fragment of melittin
(residues 8-21) in their unoxidized (top) and dioxidized (bottom) form.
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Table 1. Oxidation levels within tryptic segments of calmodulin in the absence and presence of melittin at pH7

Percentage of

Percentage of oxidation
oxidation within
m/z within segment
m/z (monoisotopic) segment during Protection (%)
(monoisotopic) measured for during oxidation of of residue
measured for [M + nH + oxidation of calmodulin side chains in
Sequence (Potential reactive [M + nH]"" O]"* ion(s) calmodulin with melittin the presence
Residues residues shown in bold?) ion(s) detected detected alone® (at pH 7)° of melittin
14-21 EAFSLFDK 478.8 486.8 (n = 2) 3.9 +0.2 1.5+ 0.1 61.5
31-36 ELGTVMR 805.5 821.5(n=1) 18.1 = 3.1 16.1 = 1.1 11.0
78-86 DTDSEEEEIR 547.2 555.2 (n = 2) 0.45 + 0.06 0.47 = 0.03 —-4.4
87-90 EAFR 522.3 538.3(n =1) 1.1 £ 0.1 1.1 = 0.1 0.0
91-94 VFDK 508.3 524.3 (n = 1) 41.9 = 0.6 45.1 + 1 -7.6
95-106 DGNGYISAAELR 633.3 641.3 (n = 2) 3.01 £1.2 0.95 + 0.05 68.4
127-148 EADIDGDGQVNYEEFVQMMTAK 1245.5 1253.5 (n = 2) 68.5 + 0.08 65.9 + 3.8 3.8

2Based on published work [29]. Lysine has only been found to oxidise in lysine-rich peptides and not proteins in limited oxidation experiments [28].
Values represent the mean value obtained from repeat (at least two) experiments. Errors are recorded to one decimal place or one significant figure.

A significant degree of protection from oxidation
(over 60%) at reactive residue side chains within residues
14-21 and 95-106 of calmodulin is observed when the
protein®is°oxidized°in°the°presence®of mellitin°(Table°1).
Far less protection is measured elsewhere in the protein
(11% or less) across residues 31-36 and 127-148. This is
despite the fact that both such peptide segments contain
reactive methionine residues; the latter also contains
reactive tyrosine and phenylalanine.

The monooxidized form of the doubly-charged ion
of the tryptic peptide segment 127-148 (at m/z 1253.5)
was dissociated in online LC-MS analysis during ion-
intensity® dependent® MS/MS° experiments® (Figure® 7).
This MS/MS spectrum reveals that oxidation occurs at
either of the methionine residues at positions 144 and
145 since all y, ions (n = 5-17) are only observed in
their monooxidized form. In contrast, unoxidized b,
ions (n = 10, 14, 16, and 17) that contain up to 17

EADIDGDGQVNYEEFVQMMTAK : calmodulin 127-148

[M+2H + 0O J?*

&
[0
[&]
c
]
©
c
=]
®
o by-H20 'y,
> 9824 1
©
o) +16
o Y618 yate|
7253 g714| "
y,+16 1000.3
8243
ys+16
597.3 644.2

400 600 800 1000

[M+2H+20-H,0]?*

1507 .4

y,,+16

Y,5+16
0*1612453 16065y +16
2294 17916
y.,+16
13935
Yo+16 by y,,+16
11004 17896 1964.5

1200 1400 1600 1800 2000
m/z

Figure 7. MS/MS spectrum of the monooxidized form of the doubly-charged [M + 2H + OJ** ions
of tryptic peptide ion (segment 127-148) of calmodulin.
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residues from the N-terminus (free of both methionine
residues) are observed in the absence of their monooxi-
dized counterparts.

To confirm that the considerable oxidation of the
methionine residues in this segment of the protein (total
~65%) did not mask any protection conferred to the
residue side chains of tyrosine and phenylalanine at
positions 138 and 141, a portion of the samples of
calmodulin oxidized in the presence and absence of
melittin were digested with both trypsin and chymo-
trypsin. Chymotrypsin should cleave the tryptic pep-
tide segment at tyrosine 138 and phenylalanine 141 to
yield three peptides comprised of residues 127-138,
139-141, and 142-148.

While the smaller peptide 139-141 (with [M + H]"
ions at m/z 424.2) could not be detected in either ESI or
MALDI mass spectra, singly-protonated ions at m/z
1295.5 corresponding to the peptide consisting of resi-
dues 127-138 were detected in the latter albeit of low
intensity. This spectrum, however, exhibits no ions at
m/z 1311.5 or above (at multiples of +16 u) correspond-
ing°to°its®oxidized® counterparts®(Figure®8).° Although
such ions may be present but do not appear above the
noise level in these spectra, the combined data supports
that only the methionine residue(s) at positions 144 and
145 are oxidized in this region of the protein (residues
127-148) and no statistically significant protection is
conferred to it upon the binding of melittin.

Discussion

It is important to assess our data in the context of
models proposed for the calmodulin—melittin complex.
A°popular®representation®[16]°is°one°in°which°calmod-
ulin adopts a horseshoe-like structure in which the N-
and C-terminal domains, far removed in the protein
structure® [20],° become® proximal® when® melittin® is
bound. Such a model has been constructed based on
NMR spectroscopic data for the calmodulin-MCLK
peptidecomplexq32].Likemelittin, MLCKYa°’13%esidue
peptide segment of the myosin light chain kinase) binds
calmodulin in a reverse orientation to other peptides
due to the presence of a cluster of basic residues toward
the C-terminus in the vicinity of tryptophan. Electro-
static interactions between the negatively charged
amino acid residues of calmodulin and the cluster of
basic residues within binding peptides are known to be
critical® to® the® stabilization® of° the® complex® [16].° The
backbone of calmodulin is largely orientated perpendic-
ulartothe%helical®axis‘ofthemelittinbackboneq{16].“The
helical axis of melittin is proposed to be bent slightly off
axis in the center of the peptide such that it adopts a
banana-like shape. In the model, the side chains of
Tyr-99 on calmodulin and Trp-19 of melittin are both
inaccessible to solvent. This prediction is in accord with
their protection from oxidation measured in this study
as 68.4 and 64.4% within segment 95-106 and melittin
(Table® 1° and® Figure® 5).° The® tryptophan® residue® is
believed to be of particular importance in binding to
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calmodulin as it is a conserved element among known
calmodulin®binding°peptides[32].

The shielding of tyrosine at position 99 within the
complex exposes the phenylalanine residues at posi-
tions°89°and®92°of°calmodulin®to°the®solvent°[16]°in°the
horseshoe model. This contrasts other calmodulin—pep-
tide®complexesq16]‘and isin‘accordwiththe‘increasein
oxidation at observed at the phenylalanine residue at
position 92 (but not at position 89) measured in this
work°(Table®1).

The proximity of the N and C-termini of calmodulin
to melittin in the model is assessed in this study based
upon levels of oxidation within tryptic peptide seg-
ments 14-21, 31-36, and 127-148 of calmodulin. We
report here protection levels of 61.5% at the side chains
of oxidizable phenylalanine residues at positions 16 and
19 in tryptic peptide 14-21. A further 11% protection
was measured based on the reduced oxidation of me-
thionine-35°(Table°1).°Further®confirmation®of°the°oxi-
dation data reported here is evident in a previous mass
spectrometry study in which protection of amino acid
side chains within calmodulin upon its binding to
melittin was measured based on the acetylation of
lysine® residues®[14].° In® this® earlier® work,° protection
levels of between 19 to 42% were measured across
lysine residues Lys-13, 21, and 30 within calmodulin
across the first 36 residues from the N-terminus.

We have not, however, observed any significant
protection within the C-terminal domain of calmodulin
when it binds to melittin. Despite the high levels of
oxidation within tryptic peptide segment 127-148
(68.5%) that occurs largely at the methionine residues at
positions 144 and 145, no significant reduction in oxi-
dation is observed for the calmodulin-melittin complex
(3.8%,°Table’l).This‘is°within°theexperimentalerror°of
the°measurements®(Table®l).

We have not observed any oxidation at the tyrosine
residue at position 138 or phenylalanine residue at
position 141. It is conceivable that the high levels of
oxidation observed at the methionine residues in tryptic
peptide comprising residues 127-148 may have masked
some protection of the tyrosine and phenylalanine
residues, though it is unlikely for this to be the case at
the C-terminal lysine residue since this residue has only
been found to oxidize in studies of lysine-rich peptides
[28].°The°combined results®suggest°that,in°terms°of°the
reactive residue side chains probed in this study, the
N-terminus of calmodulin is in closer proximity to the
melittin helix than the C-terminus such that the reactiv-
ity of oxidizable residues in the former is unaffected by
binding to melittin. It is important to note, however,
that since the oxidation of methionine is also driven by
oxygen-based radicals and oxygen in air during sample
handling®[25,°26,°29],°we®are®unable®to°® preclude®the
possibility that there is some protection conferred by
melittin upon its binding in the vicinity of this region of
the® protein.® Under® the® limited® oxidation® conditions
employed°in°these®experiments°[21,°24,°25,°27,°28]°that
are necessary to prevent protein structural damage, a
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Figure 8. Region of the MALDI mass spectrum from the mixed
protease (trypsin and chymotrypsin) digestion of calmodulin and
melittin showing the absence of oxidation products for peptide
segment 127-138 above noise.

dioxidized form of tryptic peptide segment 127-148 was
detected only as a weak ion (at m/z 1261.5) over noise
(8/N 1.5) for which no MS/MS spectrum could be
obtained.

We‘have®previously°observed®[21-29]°that°oxidation
levels can be equated with the total surface area of the
reactive residue side chain where this area exceeds
30°A%[21-29]. Our¥esultssuggestthatanychangetothe
total surface area of residues Met-144 and 145, together
with phenylalanine at position 141, exposed to solvent
when calmodulin binds to melittin does not exceed this
value.

The closer proximity of melittin to the N-terminus
over the C-terminus of calmodulin, however, is in
accord®with®a°recent®published report°[33]°that°exam-
ined the formation of cross-linked products between
residue side chains. Where bifunctional intermolecular
cross-linkers (of some 6.4 and 11.4 A) were used,
cross-linked products formed between the N-terminal
(residues 1-37) and center (residues 76-90) of the
protein with melittin were observed over C-terminal
cross-linked products. Confirmation of this observation,
however, awaits a high-resolution experimental-based
structure for the protein-peptide complex.

Conclusions

It has been demonstrated that the radical probe ap-
proach®we®have®developed©[21,°29]°in°which®oxygen
radicalsformed by‘an‘lectrical®dischargeq19,24,25,27,

J Am Soc Mass Spectrom 2005, 16, 225-233

28]°within®an®electrospray®ion®source®can®react®with
protein-peptide complexes in solution to provide reli-
able and useful structural information concerning the
interaction interface. The work described in this article
demonstrates this for the first time for a calcium-
dependent protein—peptide complex in which the resi-
dues important to the interaction are localized within
both binding partners. The results are largely in accord
with a modeled horseshoe-like structure in which the
N- and C-terminal domains of calmodulin envelope the
melittin axis in the vicinity of its C-terminus about
tryptophan-19. The side chain of tyrosine at position 99
is shown to be protected from the solvent within the
complex, exposing the phenylalanine residue at posi-
tion 92. The data has further suggested that the N-
terminus of calmodulin is in closer proximity to the
melittin helical axis than the C-terminus. The side
chains of phenylalanine residues at positions 16 and 19,
and to a lesser extent methionine at position 35, are
shown to be protected from solvent upon the binding of
calmodulin to melittin, while no significant protection
is observed at like residues within the C-terminal do-
main of the protein (residues 127-148).

The radical probe approach applied in this study is
envisaged to be a valuable addition to the repertoire of
other experimental approaches for investigating pro-
tein—protein interactions, particularly in cases in which
insufficient material or the size of the complex pre-
cludes its study by other approaches.
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