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a b s t r a c t

Calmodulin (CaM), a ubiquitous intracellular sensor protein, binds Ca2+ and interacts with various tar-
gets as part of signal transduction. Using hydrogen/deuterium exchange (H/DX) and a high-resolution
PLIMSTEX (protein–ligand interactions by mass spectrometry, titration, and H/D exchange) protocol, we
examined five different states of calmodulin: calcium-free, calcium-loaded, and three states of calcium-
loaded in the presence of either melittin, mastoparan, or skeletal myosin light-chain kinase (MLCK).
When CaM binds Ca2+, the extent of H/DX decreased, consistent with the protein becoming stabilized
upon binding. Furthermore, Ca2+-saturated calmodulin exhibits increased protection when bound to the
peptides, forming high-affinity complexes. The protocol reveals significant changes in EF hands 1, 3, and

2+ 2+

almodulin
yosin light-chain kinase (MLCK)
elittin
astoparan

C–MS

4 with saturating levels of Ca . Titration of the protein using PLIMSTEX provides the Ca -to-calmodulin
binding affinity, which agrees well with previously reported values. The affinities of calmodulin to Ca2+

increase by factors of 300 and 1000 in the presence of melittin and mastoparan, respectively. A modified
PLIMSTEX protocol whereby the protein is digested to component peptides gives a region-specific titra-
tion. The resulting titration data show a decrease in the root mean square fit of the residuals, indicating a
better fit of the data. The global H/D exchange results and those obtained in a region-specific way provide

-bind
new insight into the Ca2+

. Introduction

Calcium ions (Ca2+) play a vital role in biological functions of
igher organisms, particularly in signal transduction [1–3]. Calcium
hannels regulate the [Ca2+] inside the cell to 0.1–1.0 �M, from an
xtracellular concentration of 1.0 mM [4]. Of the over 500 Ca2+-
inding proteins identified, many are responsible for monitoring
he intracellular Ca2+ concentration and communicating this signal
o a binding partner [5]. Calmodulin (CaM) is a highly conserved,
mall (148 amino acids in eukaryotes), acidic (pI 3.9–4.3), ubiqui-
ous protein that functions as an intracellular sensor protein using
a2+ [6–9]. CaM when it is calcium-bound can bind up to 300 target
roteins and/or peptides in signal transduction pathways [4].

Calcium-binding proteins contain a helix-loop-helix motif [10]

alled an EF hand that consists of a nine-amino acid residue helix,
12-residue loop, and then another eight-residue helix. The loop

ontains highly conserved Asp, Gly, and Glu in position 1, 6, and 12
5]. CaM consists of two globular domains at the N- and C-termini,

∗ Corresponding author. Tel.: +1 314 935 4814; fax: +1 314 935 7484.
E-mail address: mgross@wustl.edu (M.L. Gross).

1 Present address.

387-3806/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2010.08.013
ing properties of this well-studied protein.
© 2010 Elsevier B.V. All rights reserved.

each containing two EF hands; the globular domains are connected
by a central �-helix. The Ca2+-bound form of CaM is dumbbell-
shaped with two Ca2+ ions bound in each domain. The structure of
Ca2+-loaded CaM determined by X-ray crystallography reveals the
overall dumbbell shape of the protein and an �-helix connecting
both domains [11,12]. A more recent NMR structure reveals that
the central linker is highly flexible [13]. The apo calmodulin NMR
structure also reveals that the helical domains adopt a “closed con-
formation” by packing the hydrophobic residues. This packing is
disrupted upon binding Ca2+, altering the structure of each domain
and exposing the hydrophobic surfaces for binding to target pro-
teins [14].

The nature of the binding of CaM to Ca2+ and to peptides and pro-
tein targets was studied by mass spectrometry [15–20], calorimetry
[21–23], and fluorescence [24–26]. Those studies reveal that CaM
binds Ca2+ in a sequential manner when a target protein or pep-
tide is not present [27,28]. Although the two EF hand pairs have
∼50% sequence identity and are over 75% sequence similar, the

C-terminal domain binds Ca2+ with 10-fold higher affinity than
the N-terminal domain [4]. CaM undergoes a significant confor-
mational change upon binding Ca2+, consistent with four EF hands
that represent nearly 80% of the sequence (29 residues per EF hand
and a total of four EF hands). In the presence of protein or pep-

dx.doi.org/10.1016/j.ijms.2010.08.013
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:mgross@wustl.edu
dx.doi.org/10.1016/j.ijms.2010.08.013
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ide targets, the affinity of CaM for Ca2+ (Ki) increases significantly,
ossibly associated with a slower off-rate (koff) of Ca2+ when CaM
inds a peptide or another protein [26–28].

We report here H/DX kinetics and PLIMSTEX at the peptide level
o determine the site-specific affinity and conformational changes
hat take place in CaM upon Ca2+ binding and subsequent bind-
ng to three peptides. Given that the peptides, melittin [29–37],

astoparan [38–46] and MLCK [47–49] interact in a reasonably
stablished way, our principal goal is to establish the outcome of
/DX and PLIMSTEX for studies of metal-containing proteins and

heir binding to peptides. This extended methodology builds on the
lobal protein analysis reported earlier [20] and offers a higher res-
lution approach (peptide level) of H/DX kinetics and titrations.
o carry out this research, we modified the original PLIMSTEX
tting algorithm [50] to incorporate the high-resolution titration
ata.

. Experimental

.1. Materials

“Calcium-free” porcine calmodulin was from Ocean Biologics
o. (Edmonds, WA). Deuterium oxide, potassium chloride, formic
cid, calcium chloride, melittin from honey bee venom (sequence:
IGAVLKVLTTGLPALISWIKRKRQQ, monoisotopic mass 2845.7),
astoparan from Vespula lewisii (sequence: INLKALAALAKKILNH2 ,
onoisotopic mass 1478.0), acetonitrile, EGTA (ethylene glycol-

is(2-aminoethylether)-N,N,N′,N′-tetra-acetic acid), HEPES [N-(2-
ydoxyethyl)piperazine-N′-(2-ethanesulfonic acid)], and HEPES
odium salt were from Sigma–Aldrich (St. Louis, MO) and
ere obtained at the highest purity available. MLCK (sequence:
RRWKKNFIAVSAANRFKKISSSGAL, monoisotopic mass 2962.7)
as purchased from AnaSpec (Fremont, CA). Immobilized pepsin

n agarose was from Pierce (Rockford, IL). The MW of porcine
almodulin was determined by ESI mass spectrometry to be
6,790 Da (see Supplementary Fig. S-1); this result confirms two
ost-translational modifications in the calmodulin species, namely
-terminal acetylation (+42 Da) and trimethylation of Lys 115

+42 Da); these modifications are well-known and common for
almodulin.

.2. H/D exchange kinetics and titration

Protein stock solutions (238 �M, 1 mg protein in 250 �L buffer)
ere prepared with 10 mM HEPES (pH 7.4) and 150 mM KCl. A 1:1
ilution of the stock solution was used for each CaM sample of inter-
st, affording an initial CaM concentration of 119 �M in each case.
/DX kinetics experiments were conducted with apo CaM (con-

aining 1 mM EGTA) and holo CaM (containing 2 mM Ca2+). Prior to
itration, solutions were equilibrated for 1 h. To initiate exchange,
.5 �L of the protein stock was diluted with 20 �L of D2O containing
0 mM HEPES and 150 mM KCl (pD 7.4) at 25 ◦C to give a solution
hat was >97% D2O. After certain times, the exchange was quenched
ith ice-cold 1.0 M HCl to give a final pH of 2.0.

To examine D uptake for regions of the protein, 5 �L of immo-
ilized pepsin on agarose was added to the quenched solution,
igesting the protein for 3 min at 0 ◦C with a brief vortexing every
5 s. The resulting mixture was briefly centrifuged (2–3 s) so that
he beads accumulate at the bottom. The supernatant protein
igest, including some undigested protein, was loaded on a C18

olumn (LC Packings, 1 mm × 15 mm, PepMap cartridge, Dionex
orp., Sunnyvale, CA) that was pre-equilibrated with 100 �L of 0.2%

ormic acid in water (0 ◦C). The column was washed with 300 �L of
.2% formic acid in water (0 ◦C), back exchanging the labile sites
f the peptides and protein, and the peptides were separated with
ass Spectrometry 302 (2011) 85–92

a LC gradient (5% B to 40% B in 6 min, 40% B to 75% B in 2 min,
75% B to 5% B in 0.5 min, 5% B to 40% B in 0.5 min, then back to
5% B for equilibration) at a flow rate of 40 �L/min (solvent A: 95%
water, 5% acetonitrile containing 0.3% formic acid; solvent B: 5%
water, 95% acetonitrile containing 0.3% formic acid). To minimize
back exchange, the incoming/outgoing LC solvent line, injection
valve, and sample loop were submerged in ice/water slush (0 ◦C).
The deuterium uptake data for one of the component peptides of
calmodulin (residues 124–138) are shown in Fig. S-2.

2.3. LC-ESI/MS analysis with a Q-TOF mass spectrometer

All ESI mass spectra during the H/DX experiments were acquired
in the positive-ion mode on a Waters (Micromass) Q-TOF Ultima
(Manchester, UK) equipped with a Z-spray ESI source. The capillary
voltage was 3.2 kV, cone voltage readback of 100 V, and the source
and desolvation temperatures were 80 and 180 ◦C. The cone and
desolvation gas flows were 40 and 400 L/h. The MS profile used for
quadrupole transmission was from m/z 500, dwell for 5% of the scan
time, ramp to m/z 1000 for 45% of the scan time, and then dwell at
m/z 1000 for 50% of the scan time.

2.4. LC-ESI/MS–MS analysis of protein digest

After 3 min of pepsin digestion, the solution containing the pro-
tein digest, including some undigested protein, was loaded onto a
C18 custom-packed column (75 �m i.d., 10 cm length). The pep-
tides were separated over 70 min using an Eksigent NanoLC-1D
(Dublin, CA) with an LC gradient from 3 to 97% acetonitrile con-
taining 0.1% formic acid at a flow rate of 260 nL/min with spray
directly into the mass spectrometer using a PicoView PV-500
nanospray source (New Objective, Woburn, MA) attached to an
LTQ-FTMS (Thermo, San Jose, CA), which afforded accurate mass
and product-ion sequencing by MS/MS. The peptides were identi-
fied by searching against NCBI database on Mascot (Matrix Science,
Oxford, UK), and each peptide was manually verified by de novo
sequencing.

2.5. Data analysis

For H/DX data collected on the Q-TOF, the protein mass spec-
trum at each exchange time point was deconvoluted with MaxEnt1
algorithm (MassLynx 4.0). The D level at each time point was deter-
mined by subtracting the centroided mass of the undeuterated
protein from the that of the deuterated protein. The rate of back
exchange was 1 D loss per min. Ion signals for the deuterated pep-
tides were smoothed twice in MassLynx with a Savitsky–Golay
algorithm and imported into Microsoft Excel as an x,y pair (mass,
intensity). The centroid and width of the deuterium distribution
for each peptide was analyzed using HX-Express software [51].
The back exchange occurs at the same rate as in the experiment
in which exchange at the global level was examined. No correc-
tions were made for back exchange because only relative D levels
were compared. The experiments were in triplicate.

2.6. Kinetic and titration modeling

The H/DX kinetic data were fit with a fixed rate-constant bin-
ning model in which all exchangeable H’s were separated into four
fixed rate-constant bins. The bins were chosen to span four orders
of magnitude (10, 1, 0.1, and 0.01 min−1), roughly corresponding to

the rate constants that cover the experimental time scale and allow-
ing comparison of the number of exchangeable H’s among different
binding states of CaM [20]. Specifically, the collected data span from
0.25 to 60 min; hence the brackets of 10 min−1 (fast exchangers,
half-life ∼0.07 min (4 s)) and 0.01 min−1 (slow exchangers, half-life
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Fig. 1. Global H/DX kinetics experiments: calmodulin with no Ca2+ (1 mM EGTA)
(squares), calmodulin with 2 mM Ca2+ (diamonds), 2.9:1 melittin:calmodulin with

3.2. H/DX kinetics for regions of calmodulin

Pepsin digestion, which permits exploration of regions of the
exchanging protein, affords ∼76 unique peptic peptides, which
we identified from their product-ion spectra and accurate masses

Table 1
Results of the fixed-rate kinetic binning model for the four kinetics curves in Fig. 1.

Kinetic fit rate (min−1) # H’s per fixed-rate bin

10 1 0.1 0.01
J.B. Sperry et al. / International Journ

69 min). We acknowledge that the largest rate constant for H/D
xchange is >100 min−1 for unstructured peptides [52], but we are
et unable to obtain data at the short times that correspond to this
ate constant. Nevertheless, we fit the data with 5 bins, adding a bin
t 100 min−1. The outcome is that the number of amides exchang-
ng in the 100 and 10 min−1 is the same, within experimental error,
s that obtained in the 10 min−1 bin when using a four-bin model.
here is no significant difference for the number of exchangers in
he other rate bins. We are also able to model the kinetic data using
arious numbers of rate constants as fit parameters, but we chose
ot to do this because this approach does not facilitate comparisons
etween various states (e.g., apo vs. holo).

The kinetic model was applied globally to full-length proteins
nd to component peptides in the digest. The purpose of the model
as to monitor qualitatively changes within each bin from sample

o sample. The number of exchangeable hydrogens was optimized
y using the “Minimize” function in MathCAD to minimize the root
ean square (RMS) of the residuals. Each trial (of a total of three)
as fit separately, and the results were averaged and reported with
one standard deviation.
The details of the global titration modeling were described pre-

iously [50]. The protocol was modified to utilize the information
rom titration data at the peptide level. Traditionally, a set of param-
ters was chosen to fit the experimentally observed data. These
ncluded the deuterium uptake with no ligand present (D0), the
euterium uptake change upon each binding event (�Di), and
he affinity constants expressed as ˇi’s where ˇ1 = Ka1, ˇ2 = Ka1Ka2,
3 = Ka1Ka2Ka3, . . . for each ligand binding event (where i = binding
toichiometry).

The details of the first two Ca2+ binding events cannot be
esolved on the basis of our titration data, as was described pre-
iously [20]. Therefore, the values of Ka1, Ka2, �D1, and �D2 were
eld constant during the parameter search. In the modified proto-
ol, the deuterium uptake as f ([Ca2+]) was input for the full-length
rotein and the individual constituent peptides. The initial guesses
or D0 and �D4 were set to the experimental values. The non-linear
east squares fitting utilized the “Minimize” function in MathCAD
o minimize the root mean square (RMS) of all inputs by optimizing
he parameters of Ka3, Ka4, D0, �D3, and �D4.

. Results and discussion

.1. Global H/D exchange kinetics of calmodulin

We found with the pepsin digestion 30–50% protein remained
n the digest, probably a result of the low temperature (∼0 ◦C). We
ook advantage of the incomplete digestion to obtain in the same
xperiment the D uptake data for the whole protein and for its com-
onent peptides. The forward H/DX experiments were conducted
ver 60 min for (1) CaM with 1 mM EGTA, (2) CaM with 2 mM Ca2+,
3) CaM with 2 mM Ca2+ and 2.9:1 ratio of melittin:CaM, and (4)
aM with 2 mM Ca2+ and 2.9:1 ratio of mastoparan:CaM, and (5)
aM with 2 mM Ca2+ and 2.9:1 ratio of MLCK:CaM. The addition
f EGTA ensures that the apo state was essentially 100%, whereas
he latter samples contained sufficient Ca2+ to ensure that the pro-
ein is ∼100% Ca2+-bound. Melittin, mastoparan and MLCK all bind
alcium-loaded calmodulin at nanomolar affinities [29,38,30,53],
nsuring that the peptide/protein complex is fully formed.

A plot of D uptake vs. time shows the protection change of apo
aM upon binding Ca2+ in the presence of melittin, mastoparan, and
LCK (Fig. 1). The total number of exchangeable H’s for porcine
aM is 146, considering there are two Pro that do not undergo
xchange. Given 97% D2O in all H/DX experiments, the maximum
umber of observable exchange events is 142. After 10 min of
/DX, apo CaM showed a mass shift of 125.3 ± 0.6 Da, indicating

hat ∼90% of the amide sites were deuterated. This high level of
2 mM Ca2+ (triangles), 2.9:1 mastoparan:calmodulin with 2 mM Ca2+ (circles) and
2.9:1 MLCK:calmodulin with 2 mM Ca2+ (open squares). H/DX was conducted over a
60 min time course with 97% D2O, 10 mM HEPES (pH 7.4), 150 mM KCl, and 2.9 �M
calmodulin.

exchange is consistent with the highly flexible and dynamic nature
of CaM in the absence of Ca2+. In the presence of Ca2+, the extent
of H/DX decreases by 10–15 amides, owing an increase in H bond-
ing throughout CaM (Fig. 1). Upon addition of melittin at a 2.9:1
ratio of CaM in the presence of Ca2+, the extent of H/DX decreases
from 109 ± 1 Da to 85 ± 1 Da. A decreased D uptake also occurs
upon addition of mastoparan. The corresponding mass shift, from
109 ± 1 Da to 80 ± 1 Da shows that 29 amide sites are affected by
mastoparan binding. Although melittin is larger than mastoparan
(26 vs. 14 amino acids), the effect of mastoparan binding on HDX
of CaM is more pronounced. MLCK (26 amino acids), a similar sized
peptide as melittin, also introduces a significant decrease of the
extent of H/DX from 109 ± 1 Da to 82 ± 1 Da. This difference is close
to that for mastoparan binding, perhaps indicating that the protein
complexes share similar structures.

Kinetic modeling (see Table 1; the choices of rate constants and
number of bins are rationalized in Section 2.6) reveals that the apo
state has 85 sites exchanging with a k = 10 min−1 whereas when
loaded with Ca2+, the number decreases to 58, indicating that many
fast-exchanging amide sites are affected by Ca2+ binding. Concomi-
tantly, there is an increase from 15 to 38 that exchange with a rate
constant of 0.1 min−1. There are further decreases in the number
of exchanging amide hydrogens with a k = 10 min−1 upon binding
melittin, mastoparan and MLCK. Overall, we see a net shift to lower
exchange rate constants for some amides by as much 104, consis-
tent with formation of a less flexible, more stabilized secondary
structure upon Ca2+ and peptide binding.
apo 85 ± 1 28 ± 1 15 ± 1 0 ± 0
holo 58 ± 1 27 ± 1 38 ± 2 0 ± 0
holo w/MEL 48 ± 1 19 ± 3 26 ± 1 20 ± 3
holo w/MAS 43 ± 1 19 ± 2 26 ± 3 18 ± 3
holo w/MLCK 41 ± 1 17 ± 5 25 ± 3 18 ± 1
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Fig. 2. Local H/DX kinetics in the EF hand regions of CaM. Peptide 19–36 represents EF hand 1, 84–102 represents EF hand 3, and 124–138 and 125–138 represent EF hand 4.
Four states are shown: CaM with no Ca2+ (squares), CaM with 2 mM Ca2+ (diamonds), 2.9:1 melittin:CaM with 2 mM Ca2+ (triangles), 2.9:1 mastoparan:CaM with 2 mM Ca2+
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circles) and 2.9:1 MLCK:CaM with 2 mM Ca2+ (open squares). H/DX was conducted
he curves were fit with a four fixed-rate binning model using exchange rate consta
PDB: 2BBM) is shown in center. Peptide regions reported here are shown in blue. (
he web version of the article.)

LC/MS/MS with an ion trap/FT mass spectrometer and Mascot anal-
sis). Although we were unable to observe all these peptic peptides
ith the Q-TOF, most likely because it is less sensitive and was not

quipped with nanospray, we found a sufficient number to afford
ood coverage (∼74%). Those peptides identified on the Q-TOF were
onfirmed by accurate mass and CID fragmentation.

.3. Extents of HDX for the EF hands

When CaM binds Ca2+ at saturating concentrations, the largest
hanges in H/DX occur for EF hand 3 (residues 84–102) and 4
residues 124–138, 125–138, and 125–140) (see Fig. 2 kinetic data
nd structure of the protein/MLCK complex). By way of contrast, EF
and 1 in the N-terminal domain shows only a small change in D
ptake upon binding Ca2+. The S/N ratio representing the peptide
ontaining EF hand 2 was insufficient to analyze its D uptake. The
egion-specific exchange results show that a tighter, less exchange-

ble structure forms with Ca2+ binding in the C-terminal domain.
his is consistent with the higher affinity for Ca2+ at the C-terminal
han at the N-terminal domain [4].

There are also significant changes in D uptake upon binding Ca2+

n the presence of melittin, mastoparan and MLCK with respect
60 min with 97% D2O, 10 mM HEPES (pH 7.4), 150 mM KCl, and 2.9 �M calmodulin.
10, 1 0.1, and 0.01 min−1. The structure of CaM (green):4Ca2+ binding to MLCK (red)
terpretation of the references to color in this figure legend, the reader is referred to

to Ca2+ binding to CaM itself. At 60 min, the largest changes take
place in EF hands 1 (peptide 19–36), 3 (peptide 84–102), and 4
(peptides 124–138, 125–138, and 125–140, data not shown for
last peptide because it adds no additional insight). Interestingly,
melittin, mastoparan and MLCK affect EF hands 1, 3, and 4 simi-
larly, indicating that the Ca2+ binding regions do not distinguish
these three peptide ligands (i.e., each region becomes compara-
bly stabilized upon binding). Moreover, knowing the structure of
4Ca2+:CaM:MLCK [47], we suggest that the structures of Ca2+-
loaded CaM when bound to melittin, mastoparan and MLCK are
nearly identical.

3.4. Extents of H/DX in the linker regions

The linker regions between EF hands 1 and 2 (residues 37–48)
and between EF hands 3 and 4 (residues 103–112, 103–119,
103–120, and 103–123) (see Fig. 3 for the kinetic data and the struc-

ture of the protein/MLCK structure) show relatively little change
upon Ca2+ binding. There are, however, differences in the D uptakes
of peptide 37–48 between the Ca2+-loaded protein with and with-
out a peptide ligand present; binding to a peptide ligand adds addi-
tional protection. Similar trends pertain for the linker between EF
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Fig. 3. Local H/D exchange kinetics experiments in the linker regions between EF hands of calmodulin. Peptide 37–48 represents the linker between EF hand 1 and 2 and
peptides 103–112, 103–119, 103–120, and 103–123 (not shown) represent the linker between EF hand 3 and 4. Four states of CaM are shown: CaM with no Ca2+ (squares),
C :1 ma
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aM with 2 mM Ca2+ (diamonds), 2.9:1 melittin:CaM with 2 mM Ca2+ (triangles), 2.9
quares). Met109 on the CaM structure, shown in pink, is in position to bind peptide
o the web version of the article.)

ands 3 and 4 (peptides 103–112, 103–119, 103–120, and 103–123)
hen melittin, mastoparan, or MLCK binds to Ca2+-loaded CaM.
astoparan binding consistently adds protection to one additional

mide site upon binding CaM. These linker regions show some
pecificity for mastoparan over melittin binding, and the approach
ay ultimately give site-specific peptide-ligand binding.
There are no X-ray or NMR structures of the CaM:4Ca2+:MEL

r MAS complexes, but there is an X-ray structure of CaM with
he RS20 peptide (RGB ID 1QTX) and, more importantly, an NMR
tructure of CaM with MLCK (PDB:2BBM) [47] (Figs. 2 and 3).
esidues 37–48 and 103–120 of CaM nearly contact one another

n the CaM:4Ca2+:MLCK structure even though they are on differ-
nt domains of calmodulin. The methionines of these two regions
f CaM may be involved in binding the peptide ligand. In compar-
ng the extents of D uptake in regions 103–112, 103–119, 103–120,
nd 103–123, a 1 Da or more difference in deuterium uptake upon

inding melittin, mastoparan, and MLCK appears in all the pep-
ic segments. Thus, the incremental protection occurring with the
eptide-ligand binding must already occur in region 103–112,
hich contains Met 109 that is pointing directly at the MLCK pep-

ide in the calmodulin:4Ca2+:MLCK complex structure (Fig. 3).
stoparan:CaM with 2 mM Ca2+ (circles) and 2.9:1 MLCK:CaM with 2 mM Ca2+ (open
interpretation of the references to color in this figure legend, the reader is referred

3.5. Regions of CaM not affected by binding

There are regions of CaM that are little affected by Ca2+ binding.
Peptides 12–18, 69–72, and, to a lesser extent, peptides 117–128
and 141–148 show only small increases in protection upon binding
Ca2+(see supplementary Fig. S-3). Peptide 12–18 is part of the N-
terminal tail and EF hand 1, and region 69–72 is the beginning of
the central �-helix connecting the two domains. Peptide 117–128
is part of EF hand 4, and 141–148 is the C-terminal tail.

A comparison of the overlap between a region that shows little
change upon binding, peptide 117–128, and that showing a signif-
icant change, peptide 124–138, reveals that residues 129–138 are
those affected by Ca2+ binding. These residues are part of EF hand
4.

3.6. Calmodulin binding to Ca2+ in the presence or absence of

melittin and mastoparan

If there are differences in H/DX between a bound and unbound
state of a protein, several H/DX-based methods, including PLIMS-
TEX, will give the protein’s affinity for the ligand [50,54–56]. We
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Fig. 4. Global H/DX titration experiments: CaM titrated with Ca2+ (squares), 2.9:1
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elittin:CaM titrated with Ca2+ (diamonds), and 2.9:1 mastoparan:CaM titrated
ith Ca2+ (circles). H/DX was conducted at a constant 10 min with 97% D2O, 10 mM
EPES (pH 7.4), 150 mM KCl, and 2.9 �M CaM.

hose PLIMSTEX and fit the experimental PLIMSTEX curves (Fig. 4)
y a non-linear least squares model to afford the affinity constants
f CaM for Ca2+. The best fit determines the D uptake with no
a2+ present (D0), the deuterium uptake change upon each bind-

ng event (�Di), and the affinity constants as ˇi’s where ˇ1 = Ka1,
2 = Ka1Ka2, ˇ3 = Ka1Ka2Ka3, and ˇ4 = Ka1Ka2Ka3Ka4. Modeling the

itration curve of CaM with Ca2+ using a five-parameter search [20]
ave D0, �D3, �D4, ˇ3, and ˇ4 (see Table 2). The values of Ka1 and
a2 were fixed at 5.0 × 104 M−1 and 1.6 × 106 M−1, respectively, for
po CaM titrated with Ca2+ [25], and the values of �D1 and �D2
ere fixed at 0.

Data from three trials were fit separately to determine the
verage and standard deviation. The experimental value of D0 is
27 ± 1 Da, which is in agreement with that from the modeling
i.e., 127 ± 1 Da). The �DTOT for CaM titrated with Ca2+ is 15 ± 1 Da,
n agreement with the modeling (i.e., 17 ± 2 Da). The Ca2+ bind-
ng affinity from PLIMSTEX, expressed as ˇ4, is 5 ± 4 × 1019 M−4

2.9 �M CaM, 10 mM HEPES, 150 mM KCl, pH 7.4, 25 ◦C). We deter-
ined again this value to test the long-term reproducibility of

LIMSTEX; the ˇ4 from our previous study is 3.6 × 1019 M−4 (15 �M
aM, 50 mM HEPES, 100 mM KCl, pH 7.4, 21.5 ◦C) [20]. The value
rom NMR is 1.6 × 1020 M−4 (20–30 �M CaM, 2 mM Tris/HCl, pH 7.5,
5 ◦C, 150 mM KCl, and 25–30 �M Br2BAPTA) [25]. All the results
re in good agreement.

The Ca2+ binding affinity of CaM and its extent of protection
ncrease dramatically when melittin or mastoparan are present in
olution [57–59]. To obtain a fit, the same five-parameter search
as used to model the data of CaM binding Ca2+ as was used in

he absence of melittin and mastoparan with one exception: Ka1
nd Ka2 were changed to 5.0 × 106 M−1 and 1.4 × 106 M−1, respec-
ively to reflect the values reported in the literature [32]. These
alues were determined by tryptophan fluorescence at a lower
inding temperature than our protocol (60 �M CaM, 1:1 ratio of
aM:MEL, 20 mM TES buffer, 100 mM NaCl, 1.0 mM EGTA at pH

.0 and 7 ◦C). The experimental value of �DTOT is 42 ± 1 Da, which
grees with the fit parameter of 44 ± 1 Da, and the new affinity,
xpressed as ˇ4, of CaM for Ca2+ in the presence of melittin has
ncreased to 1.4 ± 0.1 × 1022 M−4 (2.9 �M CaM, 10 mM HEPES, and

able 2
utput of the PLIMSTEX titration modeling from Fig. 4 using a five-parameter search incl

D0 �D3

CaM w/Ca2+ 127 ± 1 −3.4 ± 2.1
MEL:CaM w/Ca2+ 130 ± 1 −0.1 ± 0.0
MAS:CaM w/Ca2+ 129.0 ± 1.6 0.0 ± 0.0
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150 mM KCl). This value agrees reasonably well with that deter-
mined previously by us under slightly different conditions; that is,
ˇ4, is 8.0 × 1022 M−4 (15 �M CaM, 50 mM HEPES, and 100 mM KCl)
[60]. The binding affinity of CaM for Ca2+ in the presence of melittin
is 300 times greater than in its absence.

Mastoparan also significantly affects ˇ4, but this was not
reported previously. Our result is 4.3 ± 0.4 × 1022 M−4 (2.9 �M CaM,
10 mM HEPES, and 150 mM KCl), showing also a significant increase
in binding in the presence of mastoparan; ˇ4 in the presence of
mastoparan is nearly 1000 times greater than that without it and
three times greater than the affinity in the presence of melittin.

MLCK also increases the ˇ4; the value is 4.2 × 1022 M−4, as deter-
mined by using flow dialysis (5–10 �M CaM, 10 mM HEPES, 150 mM
NaCl, and 1 mM MgCl2 at 25 ◦C) [61]. This value is nearly identi-
cal to the ˇ4 in the presence of mastoparan, as described above.
Although we did not measure ˇ4 for Ca2+-loaded CaM in the pres-
ence of MLCK, the H/D kinetics at the global and peptide levels
results also show that MLCK affects the binding of CaM with Ca2+

in approximately the same way as does mastoparan.
Once the affinity of Ca2+ is determined, we calculated the

fractionally bound CaM species as a function of Ca2+, giving the
concentration of CaM:xCa2+ (x = 1–4) species under various condi-
tions. The fourth Ca2+ binding event triggers the largest change in
D uptake and mimics the overall shape of the observed PLIMSTEX
titration curve (see supplementary Fig. S-4). The calculated abun-
dance of the holo CaM species, as indicated by the fourth binding
of Ca2+, increases with increasing [Ca2+]. This mimics the overall
decrease in H/DX during the PLIMSTEX titration experiment. The
relative populations of CaM:1Ca2+ and CaM:2Ca2+ are relatively
small. In the presence of melittin or mastoparan, the binding sce-
nario changes significantly. The CaM:1Ca2+ and CaM:3Ca2+ are the
lowest concentration species, whereas the CaM:2Ca2+ is interme-
diate. This suggests that once the second Ca2+ is bound, the third
Ca2+ begins to bind and then yields to the high-affinity binding of
the fourth Ca2+, as revealed by the low concentration of Ca2+ needed
to form the CaM:4Ca2+:peptide-ligand complex. The fourth bind-
ing of Ca2+ produces the largest change in D uptake and contributes
most to the shape of the observed PLIMSTEX curve for each peptide
ligand [20,60].

3.7. Region-specific H/DX titration of calmodulin

Our goal is to advance the PLIMSTEX protocol to a more region-
specific approach with the hope of obtaining site-specific affinity
constants for any protein of interest. CaM affords an opportu-
nity to test this prospect. CaM has four EF hands, three of which
we can liberate by digestion for region-specific H/DX. We were
able to follow a subset of eight peptic peptides during the Ca2+

titration.
Perhaps the Ca2+ binding to each EF hand can be fit with a single

affinity constant, treating each site with 1:1 binding stoichiometry.
An attempt to do this with EF hand 1 proved unsuccessful (Fig. 5
top). Although the fit is reasonable for Ca2+ binding apo calmodulin,
The calculated curves from the fitting are shifted to higher concen-
trations of Ca2+. This shift and the poor agreement indicate that
the change in D uptake for this EF hand is not independent of Ca2+

binding at other sites, a conclusion that is consistent with findings

uding D0, �D3, �D4, ˇ3, and ˇ4.

�D4 ˇ3 (×1015 M−3) ˇ4 (×1019 M−4)

17 ± 2 4 ± 3 5 ± 4
44 ± 1 0.7 ± 0.1 1350 ± 70

48.4 ± 1.2 0.7 ± 0.0 4300 ± 400
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Fig. 5. A comparison of a forced 1:1 fit (top) and the 1:4 fit (bottom) binding model
of EF hand 1 (residues 19–36) for the following experiments: calmodulin titrated
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ith Ca (squares), 2.9:1 melittin:calmodulin titrated with Ca (diamonds), and
.9:1 mastoparan:calmodulin titrated with Ca2+ (circles). The fit for melittin and
astoparan was not successful with a 1:1 binding model. The 1:4 fit, however,
odels the observed experimental data correctly.

hat Ca2+ binding to calmodulin is highly cooperative [5]. This same
esult was obtained for EF hand 4 (data not shown).

The lack of agreement prompted us to modify the existing PLIM-
TEX model to incorporate the D uptake of component peptides into
he fitting algorithm. Upon fitting the peptide deuterium shift using
he four association constants (Ka1, Ka2, Ka3, Ka4) from the global
ata and then minimizing the RMS associated with the �D’s, we
btained a better fit of EF hand 1 (Fig. 5 bottom), and of peptides
epresenting EF hands 3 and 4 (see supplementary Fig. S-5).

The linker regions (peptides 37–48, 103–112, 103–119, and
03–120) exhibit distinct differences for binding melittin vs.
astoparan (Fig. S-6). A consistent difference of 1 Da is revealed

fter a minimal addition of Ca2+ to the solution. This is consistent
ith H/DX kinetics at the peptic peptide level.

The modified PLIMSTEX model utilizes the deuterium shifts
bserved in the protein and peptide-ligand titration curves
imultaneously, iterating through each to determine the affinity
arameters. The expanded array of data improves the RMS of the
lobal titration curve, most likely due to statistical power, when

2+
almodulin is titrated with Ca . The RMS decreases from 0.40 to
.16 for the apo CaM:Ca2+ titration. In this case the affinity out-
ut was different, whereas ˇ4 from protein data is 4.0 × 1018 M−4,
he inclusion of the expanded array was 4.5 × 1019 M−4, an order
f magnitude different. In the presence of melittin, the affinity (ˇ4)

[
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was the same (1.4 × 1022 M−4), however the RMS decreased from
1.7 to 0.6. In the presence of mastoparan, the affinity (ˇ4) was the
same (4.3 × 1022 M−4). The RMS, however, decreased from 4.1 to
1.4, presumably because nine curves (one global and eight peptide
level), instead of one global protein curve, were monitored. Fur-
thermore, peptide MWs are more accurately measured than are
protein MWs.

4. Conclusion

HD/X at the protein and component peptide levels, utiliz-
ing kinetics and PLIMSTEX, affords a detailed binding picture of
calmodulin binding to Ca2+. The presence of Ca2+ induces a con-
formational change observed in the EF hand regions that can be
characterized by an overall stabilization of their secondary struc-
tures. In the presence of three model peptide ligands, melittin,
mastoparan, and MLCK, calmodulin changes even more its con-
formation when a Ca2+ signal is introduced. Each peptide ligand
affords similar effects in deuterium uptake in the EF hand regions.
The linker regions, on the other hand, show some specificity for
mastoparan and MLCK, indicated by an increase in protection.
These regions are known to contain hydrophobic residues that
affect the extensive binding network of CaM. Incorporating the
component peptide titration data affords better fits for the affinity
constants and changes in D uptake with ligand binding, suggest-
ing a general approach to improve the accuracy and precision of
PLIMSTEX. Although CaM has been studied extensively, the results
presented here indicate that PLIMSTEX is a useful approach for
these metal-binding EF hand regions and that it can add to our
knowledge about cooperativity in higher order binding systems.
Moreover, the outcome shows that ligand/protein binding in the
presence of potential binding partners, as it is in vivo, may be sur-
prisingly different than ligand/protein alone in aqueous solution,
the usual medium for biophysical measurements.
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