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ABSTRACT: Calmodulin (CaM) is a ubiquitous protein in nature
and plays a regulatory role in numerous biological processes,
including the upregulation of nitric oxide (NO) synthesis in vivo.
Several peptides that prevent NO production by interacting with
CaM have been isolated in the cutaneous secretions of Australian
amphibians, and are thought to serve as a defense mechanism
against predators. In this work, we probe the mechanism by which
three of these peptides, namely, caerin 1.8, dahlein 5.6, and a
synthetic modification of citropin 1.1, interact with CaM to inhibit
NO signaling. Isothermal titration calorimetry was used to determine thermodynamic parameters of the binding interactions and
revealed that all the peptides bind to CaM in a similar fashion, with the peptide encapsulated between the two lobes of CaM. Ion
mobility-mass spectrometry was used to investigate the changes in collision cross section that occur as a result of complexation,
providing additional evidence for this binding mode. Finally, nuclear magnetic resonance spectroscopy was used to track
chemical shift changes upon binding. The results obtained confirm that these complexes adopt canonical collapsed structures and
demonstrate the strength of the interaction between the peptides and CaM. An understanding of these molecular recognition
events provides insights into the underlying mechanism of the amphibian host-defense system.

The anuran (frog and toad) skin is a complex organ that
performs numerous functions necessary for the animal’s

survival, including respiration, thermoregulation, and self-
defense.1 Importantly, secretions of the granular glands are a
vital component of the animal’s defense arsenal, and are vital to
ensure they survive in the hostile environment in which they
live. Several classes of biologically active peptides have been
identified in secretions of the cutaneous glands of Australian
anurans, including wide-spectrum antimicrobials, anticancer
active peptides, and neuropeptides.2−4

Most amphibians of the genera Litoria and Crinia that have
been studied thus far produce one or more peptide(s) that
inhibit the production of nitric oxide (NO) by neuronal nitric
oxide synthase (nNOS) as part of their glandular secretion,
with studies identifying more than 50 such peptides.2,3,5 It is
thought that peptides of this type may play a regulatory role in
the animals, as it is known that NO is involved in anuran sight,
gastric modulation, and reproduction.6−8 Additionally, the
peptides may also form an integral part of the animal’s self-
defense mechanisms by interfering with NO signaling in an
attacking predator or pathogen.5 A thorough and complete
analysis of the amphibian integument and its roles in both
physiological regulation and self-defense is vital to ensure the
continued survival of declining amphibian populations world-
wide.
NO production is tightly regulated by the protein calmodulin

(CaM), a Ca2+ binding protein that is one of the cofactors
required to facilitate NO production by nNOS.5 CaM is a small,
ubiquitous, highly conserved regulatory protein that is involved
in many Ca2+-dependent processes in most eukaryotic cells.9,10

It is able to perform its regulatory function due to its ability to
act as a cytosolic Ca2+ sensor and bind four Ca2+ ions in a
cooperative fashion with high affinity (Kd from 10−7 to 10−11

M).9,11,12 This triggers a conformational change to the active
configuration (holo-CaM, Ca2+4CaM, Figure 1a), revealing
hydrophobic patches which allow CaM to associate with its
target proteins/peptides.
Target binding by Ca2+4CaM triggers significant conforma-

tional changes in the regulatory protein.13 The complex which
forms typically belongs to one of two structural classes, namely,
collapsed or extended. The canonical collapsed structure is
more compact than Ca2+4CaM, and its formation is largely
driven by hydrophobic interactions between the anchor
residues of the binding partner and the hydrophobic binding
cavity formed when the N- and C-terminal regions of
Ca2+4CaM come together in space.14−17 Electrostatic inter-
actions also contribute to the binding event at the outlets of the
hydrophobic cavity, which determine the orientation of the
bound target.14 A number of complexes of this type have been
reported in the literature;18−21 one example is illustrated in
Figure 1b. The two lobes of Ca2+4CaM do not always engulf
their target, and in some instances the protein remains in a
relatively extended conformation.14 For example, in the case of
the CaM binding peptide from the plasma membrane Ca2+-
pump (C20W), the peptide is bound by only the C-terminal
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lobe in an α-helical conformation, again a process largely driven
by hydrophobic interactions (Figure 1c).13 A number of
different CaM/peptide complexes have been shown to adopt
this conformation, or some variant of it.14

Evidence suggests that the amphibian peptides inhibit NO
production by interacting with CaM (reviewed by Doyle et
al.5). This includes in vitro studies where dose−response curves
showed a Hill slope greater than 1, indicating a noncompetitive
interaction is causing nNOS inhibition. Also, it has been shown
that the addition of excess CaM is able to partially rescue
nNOS activity in an amphibian peptide treated sample, and that
these peptides also inhibit the function of calcineurin, another
CaM regulated enzyme.5 Finally, NMR and MS data have
shown that the peptides complex with CaM in a high-affinity
fashion.22,23 Together, these data suggest that attenuation of
NO production is achieved by the peptide binding to CaM,
rendering the protein unable to associate with nNOS and
trigger NO synthesis.
The nNOS inhibitory peptides isolated thus far can be

divided into three groups based on their common structural

elements (Table 1). The first of these, the caerin 1 peptides,
adopt a helix-hinge-helix structure.24,25 Second are the citropin/
aurein peptides, which are short linear amphipathic α-helices,
and third are the dahlein/frenatin type peptides which have a
characteristic C-terminal free acid and a Lys-X-Lys motif near
their C-terminus.2,3 A number of other peptides have also been
isolated which cannot be categorized by this classification
system.5

Integrated approaches to structural biology, combining data
from complementary techniques, is becoming increasingly
common to overcome challenges associated with individual
methods. In this work, the complementary techniques of
isothermal titration calorimetry (ITC) and ion mobility-mass
spectrometry (IM-MS) were used to afford low resolution
structural information about the complexes formed between
Ca2+4CaM and the amphibian peptides caerin 1.8, caerin 1.8.11,
citropin 1.1 (mod. 13), and dahlein 5.6 (Table 1). These
peptides represent each of the three classes of nNOS active
amphibian peptides. Caerin 1.8 is among the most potent
nNOS inhibitor identified to date, while caerin 1.8.11 was
investigated as it is the smallest fragment of caerin 1.8 which
retains significant nNOS inhibition activity, with previous
nuclear magnetic resonance spectroscopy (NMR) data
indicating that the C-terminal portion of the peptide does
not interact with CaM.5 Citropin 1.1 (mod. 13) was chosen for
study over the natural peptide due to its enhanced activity
(likely due to the additional positive charge)24 and dahlein 5.6
was chosen as it has comparable nNOS activity and charge to
the other peptides. NMR data has previously shown that the
entire dahlein 5.6 sequence interacts with CaM.5 The strong
caerin 1.8.11 interaction was further studied by NMR
spectroscopy. Combined, these data from several low-
resolution techniques provide significant insight into the
mechanism by which these peptides interact with Ca2+4CaM,
in terms of the strength of the interactions and indicate that a
global conformational change in Ca2+4CaM occurs, meaning
the complexes are of the canonical type. A basic insight into the
mechanism of action of these peptides, and others isolated from
the amphibian skin, is pivotal in determining the underling
mechanism of the amphibian host defense system, and to
understand how these animals survive in their natural habitat.

Figure 1. Three-dimensional structures of (a) Ca2+4CaM, with spheres
indicating calcium ions (PDB 1CLL);71 (b) Ca2+4CaM (gray) bound
to a peptide target (black) in a collapsed conformation (PDB
2BBM);18 and (c) Ca2+4CaM (gray) bound to a peptide target (black)
in an extended conformation (PDB 1CFF).13

Table 1. nNOS Inhibition Activities of Selected Amphibian
Peptides and Synthetic Derivatives

name sequence
IC50
(μM) ref

caerin 1 peptides
caerin 1.1 GLLSVLGSVAKHVLPHVVPVIAEHL(NH2) 36.6 22
caerin 1.8 GLFKVLGSVAKHLLPHVVPVIAEKL(NH2) 1.7 22
caerin
1.8.11

GLFKVLGSVAK(NH2) 3.3 3

citropin/aurein peptides
citropin 1.1 GLFDVIKKVASVIGGL(NH2) 8.2 22
citropin 1.1
(mod. 13)

GLFDVIKKVASVIKKL(NH2) 2.0 24

aurein 2.3 GLFDIVKKVVGIAGSL(NH2) 1.8 22
dahlein/frenatin peptides
dahlein 5.1 GLLGSIGNAIGAFIANKLKP 3.2 22
dahlein 5.6 GLLASLGKVFGGYLAEKLKPK 1.6 72
frenatin 3 GLMSVLGHAVGNVLGGLFKPKS 6.8 22
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■ EXPERIMENTAL SECTION

Materials. Unless specified, reagents were purchased from
Sigma-Aldrich (St. Louis, MO). 15N-Ammonium chloride and
13C-glucose were purchased from Cambridge Isotope Labo-
ratories (Andover, MA). Peptides were synthesized using L-
amino acids and the standard N-α-Fmoc methodology by
GenScript Corp. (Piscataway, NJ). Samples for NMR spec-
troscopy were shown to be greater than 90% pure by HPLC
and ESI-MS.
Expression and Purification of Calmodulin. CaM was

expressed by inoculating Lurea broth (LB, 1% bacto-tryptone,
0.5% yeast extract, 1% sodium chloride, adjusted to pH 7) (10
mL) with a single colony of the BL21 (DE3) strain of E. coli
containing the pET28 vector with the CaM gene inserted. This
was incubated overnight at 37 °C, with shaking. A 3%
subculture was made the following morning into LB and the
cells were grown until an OD600 of 0.6−0.8 was reached.
Protein expression was induced by adding IPTG to a
concentration of 50 mM. The cells were left to express for 2
h before being harvested by centrifugation at 3000g for 15 min
at 4 °C. Cell pellets were frozen at −20 °C until required.

15N/13C-Labeled CaM was prepared by inoculating Min A
medium (60 mM dipotassium phosphate, 33 mM potassium
dihydrogen phosphate, 1.7 mM sodium citrate, autoclaved, then
added 15 mM 15N-ammonium chloride, 0.005% thiamine, 0.2%
13C-glucose, 0.8 mM magnesium sulfate, 10 mL) with a single
colony of the BL21 (DE3) strain of E. coli containing the
pET28 vector with the CaM gene inserted. This was incubated
overnight at 37 °C, with shaking. A 3% subculture was made
the following morning into Min A medium containing 15N-
ammonium chloride and 13C-glucose as the sole nitrogen and
carbon sources. Protein expression was completed as described
above. CaM was purified using a procedure previously
outlined.26−28

Isothermal Titration Calorimetry. CaM was extensively
dialyzed against the ITC buffer (10 mM HEPES, pH 7.5, 100
mM NaCl, 10 mM CaCl2) to ensure complete buffer exchange.
The concentration of CaM was determined spectrophotometri-
cally by measuring the absorbance at 277 nm and using an
extinction coefficient of 3300 M−1·cm−1.29 Peptide stock
solutions were prepared in Milli-Q water and concentrations
determined by amino acid analysis. Aliquots were taken and
lyophilized before being resuspended in the ITC buffer prior to
analysis. Binding of the peptides to Ca2+4CaM was studied
using a VP-ITC microcalorimeter (MicroCal, Norhampton,
MA). The peptide solutions (300 μM) were injected into the
sample cell containing CaM (30 μM). The first injection (2 μL)
was followed by 19 injections of the peptide solution (15 μL).
Experiments were conducted at four different temperatures
(303.15, 308.15, 313.15, and 318.15 K for dahlein 5.6 and
caerin 1.8.11, and 298.15, 303.15, 308.15, and 313.15 K for
citropin 1.1 (mod. 13)). The heat of dilution was measured by
titrating buffer into the protein solution and was found to be
minimal, nonetheless this was subtracted from the experimental
data (not shown). The raw data were fitted to a single site
binding model using Origin software (version 5.0, MicroCal).
Ion Mobility-Mass Spectrometry. Bovine CaM (Sigma-

Aldrich, MO) was dissolved in water at a concentration of 40
μM and dialyzed against 4x 2L 10 mM ammonium acetate, 2
mM EDTA; 4x 2L 10 mM ammonium acetate, pH 6.8. The
concentration of CaM was determined spectrophotometrically
by measuring the absorbance at 277 nm and using an extinction

coefficient of 3300 M−1·cm−1,29 and the solution was diluted to
a final concentration of 10 μM.
Ca2+4CaM was prepared by adding 2.5 mol equiv of Ca2+

ions in the form of calcium acetate (from a stock solution of 5
mM calcium acetate in 10 mM ammonium acetate, pH 6.8) to
observe CaM with its full complement of four Ca2+ ions.
Peptide solutions were prepared by dissolving the solid in
buffer (10 mM ammonium acetate, pH 6.8) at a concentration
of 1−3 mM. Small aliquots were added to the CaM solutions to
achieve the desired peptide/CaM molar ratios (typically 1:1).
IM-MS spectra were acquired on a Synapt HDMS system

(Waters, Manchester, U.K.),30 using nanoESI in the positive
ion mode. The sample was introduced using platinum-coated
borosilicate capillary needles prepared in-house. Instrument
parameters were optimized to remove adducts while preserving
noncovalent interactions, and were typically as follows: capillary
voltage, 1.8 kV; cone voltage, 40−80 V; trap collision energy,
10 V; source temperature, 50 °C; backing pressure, 5 mbar;
IMS cell pressure (N2), 0.5 mbar; traveling wave velocity, 400
ms−1; traveling wave height, 6−9 V. The MS data were
processed using the program MassLynx (Waters, Manchester,
U.K., version 4.1) and deconvoluted using the maximum
entropy algorithm incorporated in the software.
Drift-time measurements obtained from the Synapt HDMS

were normalized for charge state and a nonlinear correction
function was applied for calibrant ions such that their relative
differences mirror those previously observed for the same
ions.31−34 Collision cross sections (CCSs) of the reference
samples were taken from the literature using values for
ubiquitin, myoglobin and cytochrome c.35 The CCS calibration
procedure is described in detail elsewhere.34 An estimate of the
error in CCS measurement is 8−10%.34 CCSs of model protein
structures were calculated using the projection approximation
(PA) by means of the program MOBCAL,36,37 and a correction
function was applied to convert these to projection super-
position approximation (PSA) values, as previously outlined.38

Structural coordinates from previous studies using NMR and X-
ray crystallography were obtained from the Protein Data Bank
(PDB) with accession numbers indicated in the text.

Sample Preparation for NMR Titration. 15N/13C-Labeled
CaM (3.16 mg, 1.89 nmol) was dissolved in a 500 μL aqueous
solution of 10% D2O, potassium chloride (100 mM), and
calcium chloride (40 mM). The solution was adjusted to pH
6.3 by the addition of small quantities of dilute hydrochloric
acid or sodium hydroxide, as required. Sodium azide (0.02%)
was added as a preservative. Caerin 1.8.11 (1.69 mg, 1.51 μmol)
was dissolved in water (500 μL) and divided into seven aliquots
such that successive additions would give the desired mole ratio
of peptide/Ca2+4CaM (0.2:1, 0.4:1, 0.6:1, 0.8:1, 1:1, 2:1, 4:1).
The aliquots were lyophilized, and the dried peptide portions
were added to the solution in sequence prior to recording each
spectrum. The pH was readjusted to 6.3 as required.
All NMR spectra were recorded on a Varian Inova-600 NMR

spectrometer with a 1H frequency of 600 MHz and a 13C
frequency of 150 MHz. Experiments were conducted at 25 °C.
The 1H frequency domain was referenced to DSS at 0.0 ppm,
while the heteronuclear dimensions were referenced indi-
rectly.39

For 15N−1H HSQC spectra, the standard gNhsqc40 pulse
sequence from the VnmrJ library was used. 128 increments,
each consisting of 8 transients were acquired over 2048 data
points. In the 1H dimension, a spectral width of 12 019.2 Hz
was used, while in the 15N dimension, a spectral width of
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1944.3 Hz was used. For backbone assignment, the standard
gHN_CACB41 and gCBCA_CO_NH42 pulse sequences from
the VnmrJ library were used. Both spectra were acquired with
64 (t1) and 32 (t2) complex points, each consisting of 8
transients over 2048 data points. The carrier frequencies for 1H,
13C, and 15N were set to 4.773, 47.362, and 118.861 ppm,
respectively, and spectral widths of 12 019.2 Hz (1H), 12 062.0
Hz (13C) and 1944.3 Hz (15N) were used. The spectra were
processed using NMRPipe43 and viewed with CCPNMR
Analysis (version 2.1).44 Assignment of the three-dimensional
NMR spectra was performed using a combination of the main-
chain directed45 and sequential46 assignment procedures.
Amide chemical shift perturbations (CSPs) were calculated
using eq 1, as previously described.47

δ δ= Δ ΔN HCSP (ppm) 0.102 ( ) ( )15 2 1 2
(1)

■ RESULTS
Isothermal Titration Calorimetry. ITC was employed to

determine thermodynamic parameters for the binding events
between Ca2+4CaM and three amphibian peptides, namely
caerin 1.8.11, citropin 1.1 (mod. 13) and dahlein 5.6. Each
titration was repeated at four different temperatures and the
enthalpy change of the interaction (ΔH) was determined at
each temperature. Figure 2 displays representative binding data
for the interaction of caerin 1.8.11 with Ca2+4CaM at 40 °C.
Corresponding data for the interactions with citropin 1.1 (mod.
13) and dahlein 5.6 are shown in Supporting Information
Figures 1 and 2, respectively. In all cases, the enthalpy of
dilution was subtracted by performing a buffer into protein
control experiment (data not shown).
Table 2 displays the thermodynamic parameters obtained by

curve fitting to the measured data. The data were fit using a
single site binding model and in all cases indicate a 1:1
stoichiometry of binding, with fitted stoichiometries between
0.97 and 1.23 for all titrations. In the case of citropin 1.1 (mod.
13), at low temperatures, the binding reaction is endothermic,
becoming exothermic with increasing temperatures. A large
favorable entropy change drives the binding interaction at lower
temperatures. The interactions of caerin 1.8.11 and dahlein 5.6
with Ca2+4CaM are driven by large, favorable enthalpy changes
at all the tested temperatures. This is consistent with other
calorimetric studies of Ca2+4CaM binding.48−50 The steepness
of the binding curves mean that the fitted dissociation constants
may not be reliable, but they were all within the range of 20−70
nM, showing that these binding events are extremely tight
(Table 2).
After plotting ΔH as a function of temperature (Figure 2,

Supporting Information Figures 1 and 2), the heat capacity
change upon binding (ΔCp) was estimated by measuring the
slope of the resultant graph, and is used to provide information
about the binding mechanism.50 Table 2 displays the estimated
ΔCp values for the binding event between Ca2+4CaM and the
studied amphibian peptides. The comparable ΔCp values
measured for the three peptide systems studied indicate a
common binding mechanism. Errors in values of the ΔCp were
estimated using the errors in the linear fits of the ΔH versus T
plots.
Ion Mobility-Mass Spectrometry. To gain further insight

into changes in the conformations of the amphibian peptide/
CaM complexes, IM-MS studies were performed to determine
the collision cross section (CCS) of the complexes. CaM, and

Ca2+ binding to the protein, has been extensively studied
previously by both MS and IM-MS;23,51−54 consequently, this
paper will focus solely on the analysis of the peptide bound
complexes.
Complexes of Ca2+4CaM with the amphibian peptides caerin

1.8, caerin 1.8.11, citropin 1.1 (mod. 13), and dahlein 5.6 were
investigated by IM-MS, as shown in Figure 3. In addition, the
complex of Ca2+2CaM with the 20 residue binding domain
(C20W, LRRGQILWFRGLNRIQTQIK) of the plasma mem-
brane Ca2+ pump (sequence shown below) was studied as it is
known to adopt the extended conformation.13 In all cases, the
complexes studied here exhibited a 1:1 stoichiometric ratio with
CaM, and at least four Ca2+ ions required for binding, except
for C20W in which only two Ca2+ ion were necessary
(Supporting Information Table 1). It is evident from the
narrow charge state distributions of the protein complexes that
they are much more well-defined in structure than apo-CaM or
Ca2+4CaM, which has been shown to adopt a variety of charge
states.55 The strength of these interactions (as indicated from
the presented ITC data) indicates that there should be minimal
free CaM observed in the IM-MS spectra. However, as the

Figure 2. Calorimetric analysis of the binding of caerin 1.8.11 to
Ca2+4CaM. (a) Top panel: Calorimetric titration at 40 °C. Lower
panel: Binding isotherm obtained by integrating the above data. (b)
Plot of ΔH as a function of temperature.
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complexation of these peptides with CaM is dependent on
hydrophobic interactions which are significantly weakened in
the gas phase, it is likely that dissociation may occur upon
desolvation or because of ion heating.56,57

Arrival time distributions (ATDs) were extracted from the
spectra for Ca2+nCaM/peptide complexes (Supporting In-
formation Figure 3), and the drift times were converted to
CCS.34 With the resolving power of both IM and MS, it is
possible to selectively analyze ATDs and hence determine
CCSs of ions of a particular metal bound state. In this way, we
ensure the data presented is from an appropriately Ca2+

metalated species. The ATDs observed in these experiments
were much narrower than those previously published of CaM
and its Ca2+ adducts.53,58 This indicates the structures of the
complexes are less variable than those of CaM and that the
complexes populate a more consistent structural ensemble. The
calibrated CCSs are shown in Table 3.

Theoretical CCSs of high resolution protein structures were
calculated using coordinates in the PDB, for comparison with
experimental values.36−38 The calculated CCSs of complexes
with known three-dimensional structures along with several
conformational states of CaM are shown in Table 3. These
values compare favorably with those determined experimentally
in this work for the Ca2+CaM/amphibian peptide complexes
which do not have high resolution structures available.
Additionally, the experimentally determined values presented
in Table 3 compare well with previously determined CCSs of
canonical collapsed CaM complexes by conventional drift tube

Table 2. Thermodynamic Parameters for the Titrations of Ca2+4CaM with Three Bioactive Amphibian Peptides

peptide T (K) Kd (nm) ΔH (kcal/mol) −TΔS (kcal/mol) n ΔCp (kJ/mol/K)

caerin 1.8.11 303.15 30 ± 8 −3.56 ± 0.03 −6.9 1.03 −3.00 ± 0.21
308.15 50 ± 10 −7.52 ± 0.06 −2.8 1.05
313.15 40 ± 6 −10.88 ± 0.06 0.23 1.04
318.15 30 ± 2 −14.64 ± 0.03 3.8 1.04

citropin 1.1 (mod. 13) 298.15 70 ± 20 3.89 ± 0.08 −12.2 1.23 −2.71 ± 0.15
303.15 60 ± 20 0.59 ± 0.01 −9.2 0.91
308.15 20 ± 4 −3.32 ± 0.02 −7.6 0.97
313.15 50 ± 20 −5.65 ± 0.05 −4.8 1.09

dahlein 5.6 303.15 30 ± 4 −2.55 ± 0.04 −9.2 1.11 −2.87 ± 0.09
308.15 20 ± 6 −5.88 ± 0.05 −5.1 1.07
313.15 10 ± 3 −9.72 ± 0.05 −1.6 0.99
318.15 30 ± 9 −12.71 ± 0.14 1.7 1.10

Figure 3. Mass spectra of Ca2+CaM with (a) caerin 1.8, (b) caerin
1.8.11, (c) citropin 1.1 (mod. 13), (d) dahlein 5.6, and (e) plasma
pump C20W. Free peptide (□); free CaM (◇); peptide/CaM
complexes (●).

Table 3. Experimental Collision Cross Sections for
Ca2+CaM/peptide Complexes as a Function of Charge State,
and Estimated CCSs from Structures in the PDB

CCS (Å2)

Ca2+CaM/peptide
complex 7+ 8+ 9+

protein/
complex

calculated
CCS (Å2)

caerin 1.8 2211 2191 − CaM/NR1C1
(collapsed)69

1741

caerin 1.8.11 2022 2036 − CaM/MLCK
(collapsed)18

2194

dahlein 5.6 2136 2134 − CaM/CaMKK
(collapsed)21

1926

citropin 1.1
(mod. 13)

2085 2096 − CaM/C20W
(extended)13

2314

plasma pump
C20W

− 2186 2212 apoCaM70 2008

Ca2+4CaM
(dumbbell)71

2002

Ca2+4CaM
(globular)68

1598
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IM, which permits CCS determination without the use of a
calibration procedure.53

Nuclear Magnetic Resonance Spectroscopy. In order
to further investigate the nature of the noncovalent complex
that forms between Ca2+4CaM and caerin 1.8.11, titration
experiments were performed by adding small quantities of
unlabeled caerin 1.8.11 to 15N-labeled Ca2+4CaM. After each
addition, a 15N−1H HSQC spectrum was recorded and
chemical shift changes were monitored by overlaying the
processed spectra (Figure 4).

It is apparent that significant chemical shift changes occur for
most residues in the titration, suggesting a global reorganization
of protein structure. This is consistent with the complex

adopting the canonical collapsed structure. Chemical shift
changes were not observed as a function of concentration;
instead a second set of peaks with a different chemical shift
signature corresponding to the protein-peptide complex was
observed after 0.4 equiv of peptide were added (data not
shown). This is consistent with the complex being in the slow
exchange regime, which is consistent with a nanomolar binding
affinity for the interaction. Addition of an equimolar quantity of
peptide resulted in only one set of peaks being observed in the
spectrum, corresponding to the complex, and addition of
further peptide did not have any additional effect on the
observed chemical shifts.
The structural changes in Ca2+4CaM associated with binding

a peptide result in chemical shift perturbations. Consequently,
these data can be used to indicate which regions of Ca2+4CaM
experience significant changes in their chemical environment
upon binding. A full structural analysis using NOE information
would be required to determine the overall structure of
Ca2+4CaM in complex with a peptide. Nevertheless, significant
structural information can be obtained from the assigned
backbone chemical shifts.
Ca2+4CaM is a well-studied protein that is known to have a

high helical content, comprising eight α-helices separated by
several loop motifs. In the X-ray structure, the central helices IV
and V appear to combine into one extended helix possibly due
to crystal packing effects, however, NMR and other data
indicate that these are discrete structural motifs and their
separation results in a centrally located flexible hinge
region.59,60 The known helical regions are indicated by the
shaded portions in Figure 5.
Figure 5a displays 13Cα secondary shifts which are a good

marker for helical regions of secondary structure.61,62 These
data demonstrate the loss of helicity about the central flexible
hinge region (residues 77−82), as indicated by the negative
secondary shifts in this region. However, the eight helices of
Ca2+4CaM are largely retained upon binding to caerin 1.8.11,
indicated by the eight sustained regions of positive secondary

Figure 4. Overlaid 15N HSQC spectra of 15N-labeled Ca2+4CaM
(gray) and after the addition of 1 mol equiv of caerin 1.8.11 (black).
Assignments for the spectra of caerin 1.8.11 bound to Ca2+4CaM are
detailed in Supporting Information Table 2.

Figure 5. (a) αC 13C secondary shifts of Ca2+4CaM bound to caerin 1.8.11. (b) Average amide CSP in Ca2+4CaM as a result of binding to caerin
1.8.11. CSPs > 0.25 are described as significant (gray), and CSPs > 0.5 are described as dramatic (black).65
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shifts. This demonstrates that the large chemical shift changes
observed as a result of binding are likely due to rearrangement
of the helices, rather than a dissolution of any secondary
structure elements.
It is possible to map chemical shift perturbations (CSPs) that

occur in Ca2+4CaM upon complexation with caerin 1.8.11, to
determine regions where significant CSPs occur as a result of
binding. These data essentially depict the difference in chemical
shift between the unbound and bound forms of Ca2+4CaM. To
obtain a clear, overall picture of the CSPs that are occurring
upon binding to caerin 1.8.11, Figure 5b displays the overall
CSPs of the amide groups of the protein.47 There are significant
CSPs across the protein backbone, but generally speaking, the
most dramatic perturbations are observed in the central region
of the protein (around residue 81) and at the C-terminus.

■ DISCUSSION
Structural biology allows for mechanistic insight into the
processes which underlie biological function at a molecular
level. Typically, however, limitations in individual methods
mean an integrated approach is often necessary to offer a more
complete description of the system of interest, and take
advantage of complementary information provided by different
structural biology techniques. The purpose of this study was to
further characterize the interactions of several bioactive
amphibian peptides with Ca2+4CaM utilizing a combination of
low resolution structural biology approaches. The mechanism
by which these peptides inhibit NO production is of particular
scientific interest, as a rigorous host-defense system is
important to the survival of amphibian populations. In this
work, we used ITC to measure thermodynamic parameters of
the binding event, which was used to elucidate a binding mode.
MS was used to determine the stoichiometry of the
interactions, and IM-MS was used to gain information about
the conformation of the bound species. Finally, NMR
spectroscopy was combined with CSP analysis to provide
further support for the binding mode determined by the other
two low resolution techniques. Combined, the data presented
herein from these complementary low resolution technologies.
suggests that Ca2+4CaM binds in a similar mode to the range of
amphibian peptides studied, which share little sequence
homology, demonstrating the inherent flexibility in Ca2+4CaM
binding specificity.
Isothermal Titration Calorimetry. The ΔCp values of

binding have been determined (Table 2), with these values
lying in the range of −2.7 to −3.0 kJ/mol/K. A number of
Ca2+nCaM/peptide complexes have been previously studied by
ITC, and their associated ΔCp values have been reported.

50 The
previously studied peptides were divided into two groups,
depending on the ΔCp of their complexation reaction with
Ca2+4CaM. It has been determined that a complex which adopts
the canonical collapsed conformation exhibits a ΔCp in the
order of −3.2 kJ/mol/K, while extended conformations, where
only the C-terminal lobe of Ca2+nCaM is involved in binding,
exhibit a ΔCp in the order of −1.6 kJ/mol/K.50 This significant
difference in magnitude can be attributed to the decreased
solvent accessible surface area when the complex adopts the
canonical collapsed conformation. Comparison of the results
obtained here with the previously determined ΔCp values lends
support to the notion that the studied amphibian peptides
cause Ca2+4CaM to adopt the canonical collapsed conformation
upon binding, with the peptide encapsulated between the N-
and C- terminal lobes of the protein.

The strength of these interactions mean ITC could not be
used to accurately determine kinetic parameters for these
binding interactions. Nevertheless, the data presented here
demonstrates that the interactions between the amphibian
peptides and Ca2+4CaM are very strong, with approximated Kd
values in the low nanomolar range.

Ion Mobility-Mass Spectrometry. This work presents the
first example of IM-MS analysis of Ca2+4CaM/amphibian
peptide complexes. It can be seen in Figure 3 that the charge
state distributions of the CaM/peptide complexes are relatively
narrow and are at low charge states (high m/z), suggesting the
complexes are of well-defined structure. This is distinct from
the conformational flexibility in apo- and holo-CaM, and the
consequent large number of charge states observed previ-
ously.23,51−54 Additionally, it can be seen that the Ca2+4CaM/
amphibian peptide complexes adopt charge states of [M +
8H]8+ and [M + 7H]7+, while the Ca2+2CaM/C20W complex,
which has been shown by NMR to adopt the less common
extended conformation,13 adopts charge states [M + 8H]8+ and
[M + 9H]9+ (Figure 3). The higher charge states adopted by
the CaM/C20W complex is consistent with it having a more
extended structure than the other complexes studied.
The calibrated CCSs for the complexes studied at the charge

states observed are summarized in Table 3. Comparison of the
measured CCSs at the [M + 8H]8+ charge state observed for all
complexes demonstrate that, generally speaking, the
Ca2+4CaM/amphibian peptide complexes exhibit smaller
CCSs than that of the Ca2+4CaM/C20W complex. This is
consistent with these complexes adopting the more compact,
canonical structure upon binding. Notably, the Ca2+4CaM/
caerin 1.8 and Ca2+4CaM/C20W complexes have comparable
CCS’s, which are larger than the CaM complex with the
truncated variant caerin 1.8.11. Isotope labeling combined with
NMR and chemical shift analysis has previously shown that
only the N-terminal portion of caerin 1.8 is encapsulated by
CaM, with the remaining C-terminal region excluded from the
binding pocket.5 The slightly larger CCS of the Ca2+4CaM/
caerin 1.8 complex is explained by these data, with the
remaining peptide excluded from the complex, so it is
unstructured and flexible in solution resulting in a larger CCS.
Conversely, previously reported chemical shift perturbation

data has indicated that the entirety of the dahlein 5.6 peptide
interacts with Ca2+4CaM,63 and is encapsulated by the protein,
providing an explanation as to why the complex has a smaller
CCS than that involving caerin 1.8. Similar experiments have
not been performed for citropin 1.1 (mod. 13), although the
measured CCS lies between those of the caerin 1.8.11 and
dahlein 5.6 complexes, suggesting that the peptide is completely
engulfed within Ca2+4CaM upon complexation.
Theoretical CCSs were calculated for model canonical

compact and extended complex structures (Table 3). These
theoretical CCSs demonstrate that the canonical collapsed
complex structures exhibit a reasonable variation in CCS.
However, it is clearly evident that the Ca2+2CaM/C20W
complex exhibits a larger CCS, consistent with its extended
conformation, where only one lobe of CaM is involved in
binding the peptide. Comparison of the theoretical CCS of the
Ca2+2CaM/C20W complex with those measured from IM-MS
show a good agreement between the two. In addition, CCSs of
the amphibian peptide complexes all show good agreement
with those calculated from structures in the PDB which adopt
the compact conformation (except for the caerin 1.8 complex,
due to the reasons outlined above), as well as the CCSs of other
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complexes with collapsed structures determined previously by
drift tube IM-MS.53 This provides further support for the
notion that these Ca2+4CaM/amphibian peptide complexes are
of this canonical structure.
Nuclear Magnetic Resonance Spectroscopy. It is well

documented that peptide binding to Ca2+4CaM results in
minimal disruption to the helical structure of the pro-
tein.14,64−66 It is apparent from the NMR data that a similar
situation is observed here for the complex of Ca2+4CaM with
caerin 1.8.11. This complex was chosen for further study due to
its stability and the relatively small size of the peptide required
for binding to Ca2+4CaM. The eight sustained regions of
downfield αC 13C secondary shifts, as indicated in Figure 5,
conform with the known eight helices as determined by NMR
studies of the unbound Ca2+4CaM

60 and are largely unchanged
upon the global reorganization of protein structure with peptide
binding. These data are also consistent with previous
observations that the central helix of Ca2+4CaM, as observed
in the X-ray crystal structure, is disrupted at the known hinge
region in solution (residues K77-E82).59,60 This flexible hinge is
necessary for the conformational rearrangement that occurs
when binding peptide targets in the canonical compact
conformation.
In addition, while the data obtained from NMR again

supports the notion that the whole protein is involved in
binding, the enhanced CSPs at the C-terminus suggest the
peptide more strongly associates with this region (Figure 5), as
outlined for several other CaM binding peptides which adopt
the canonical complex structure.65,67 These CSPs can be
mapped to residues of the hydrophobic pockets of CaM, or
those residues nearby (Supporting Information Figure 4). This
hydrophobic core region is considered to be formed by the first
and fourth helices of each domain (i.e., helices I and IV form
the N-terminal hydrophobic domain and helices V and VIII
form the C-terminal hydrophobic domain68). Notably,
significant or dramatic CSPs are observed for numerous
hydrophobic residues in and around the hydrophobic core
region. This indicates that hydrophobic interactions are vital in
the binding of Ca2+4CaM to caerin 1.8.11. Additionally, many
of the Met residues located in both of the N- and C- terminal
hydrophobic pockets of CaM (such as Met 36, 71, 109,124,
144, and 155) show dramatic CSPs upon binding (Figure 5 and
Supporting Information Figure 4). These Met residues are well-
known to play an important role in binding.14 Together, these
data indicate that both hydrophobic regions of Ca2+4CaM are
involved in binding to caerin 1.8.11, confirming that the
complex is adopting the canonical compact arrangement.

■ CONCLUSIONS
Most amphibians of the genera Litoria and Crinia that have
been studied thus far produce one or more peptides that
prevent NO formation by nNOS as part of their glandular
secretion. It has been well-documented that these bioactive
amphibian peptides bind to Ca2+4CaM inducing a further
conformational change which prevents the protein from
activating nNOS. In this work, the Ca2+4CaM complexes that
are formed with the amphibian peptides caerin 1.8, dahlein 5.6,
and citropin 1.1 (mod. 13) have been studied using a variety of
complementary biophysical techniques.
ITC permitted the thermodynamic parameters of the

interaction to be measured, but the kinetic parameters of the
binding events could not be reliably determined. These
thermodynamic parameters revealed that the peptides share a

common binding mode, with a significant global structural
reorganization of Ca2+4CaM resulting in the amphibian
peptides being engulfed in a channel between the N- and C-
terminal domains. This was further supported by the data
obtained from IM-MS, with the CCSs of the observed ions
correlating well with those predicted from high resolution
canonical collapsed CaM complex structures. Additionally, it
could be inferred that the citropin 1.1 (mod. 13) adopts a
structure similar to the caerin 1.8 complex, with part of the
peptide excluded from the hydrophobic cavity. This could not
be determined from the ITC data. Finally, the data from NMR
spectroscopy provides further evidence for a collapsed binding
mode in the case of caerin 1.8.11. However, these experiments
and the associated data analysis are much more labor intensive
than analysis by ITC or IM-MS.
The combination of low resolution structural information

presented herein from ITC, IM-MS, and NMR spectroscopy
provides significant insight into the structures of both CaM and
its complexes with several amphibian peptides.
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