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Abstract
Centrin is a calcium binding protein belonging to the EF-hand superfamily. As with other proteins
within this family, centrin is a calcium sensor with multiple biological target proteins. We chose to
study Chlamydomonas reinhardtii centrin (Crcen) and its interaction with melittin (MLT) as a
model for calcium binding protein complexes due to its amphipathic properties. Our goal was to
determine the molecular interactions that lead to centrin-MLT complex formation, their relative
stability, and the conformational changes associated with the interaction, when compared to the
single components. For this, we determined the thermodynamic parameters that define Crcen-
MLT complex formation. Two-dimensional infrared (2D IR) correlation spectroscopy were used
to study the amide I’, I’*, and side chain bands for 13C-Crcen, MLT, and the 13C-Crcen-MLT
complex. This approach resulted in the determination of MLT’s increased helicity, while centrin
was stabilized within the complex. Herein we provide the first complete molecular description of
centrin-MLT complex formation and the dissociation process. Also, discussed is the first structure
of a calcium binding protein-MLT complex by X-ray crystallography, which shows that MLT has
a different binding orientation than previously characterized centrin-bound peptides. Finally, all of
the experimental results presented herein are consistent with centrin maintaining an extended
conformation while interacting with MLT. The molecular implications of these results are: (1) the
recognition of hydrophobic contacts as requirements for initial binding, (2) minimum electrostatic
interactions within the C-terminal end of the peptide, and (3) van der Waals interactions within
MLT’s N-terminal end are required for complex formation.

Centrin is a highly conserved calcium binding protein (CaBP) belonging to the EF-hand
superfamily (1–2). Like all EF-hand proteins, centrin responds to cellular Ca2+ influx by
selectively binding Ca2+ at four helix-loop-helix motifs. Unique features of centrin include
an additional 20 amino acid residues within the N-terminal domain and an additional four
residues at the C-terminal end. Centrin is found in all eukaryotes and is localized to the
centrioles and nucleus in vertebrates; to the nucleus-basal body connectors, distal striated
fibers, and the flagellar apparatus in green algae; and to the spindle pole body in yeast (3–5).
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Centrin has been proposed to behave as two independent domains (6–8). The C-terminal
domain plays a regulatory role that is dependent on the calcium binding state, while the N-
terminal domain imparts stability and directs localization (6,9–10). Chlamydomonas
reinhardtii centrin (Crcen) (Swiss Protein Database accession number P05434) is highly
stable (Tm 112.1°C) (11) and has been well characterized in the presence and absence of
cations using FT-IR (7,12), CD (12,13), and NMR (6,13) spectroscopies. Holo-Crcen is
composed of 60.0% helical, with smaller proportions of β-sheet (12.0%) and β-turn or loops
(14.7%), while apo-Crcen is 53.5%-helical, 36.4% β-sheet, and 3.1% β-turn or loops. The
vibrational mode at 1650 cm−1, assigned to the π-helix motif, serves as a probe for the
dynamics of the C-terminal end.

Melittin (MLT) has been used as a model peptide for the study of CaBP-peptide interactions
(14–19). This amphipathic peptide from bee venom (Apis mellifera) is composed of 26
amino acids (GIGAILKVLATGLPTLISWIKNKRKQ), of which the first 20 are primarily
hydrophobic in nature, while the C-terminal end is positively charged. MLT has recently
been the focus of clinical applications resulting in a targeted approach to tumor treatment
(20–22) because of its inhibitory effect on tumor growth and its cytotoxicity (23,24). This
peptide has also been found to act as a potent inhibitor of calmodulin (CaM) activity.

Prior studies of holo-CaM-MLT (1:1 molar ratio) (14,15,17–19) have reported a dissociation
constant (Kd) in the low nanomolar range (14,15,17), whereas the binding of MLT to apo-
CaM is much weaker (Kd ~10 µM) (17,18). Creascu’s group (16,25) has reported that the
human centrin 2 (Hscen2)-MLT complex (1:1 molar ratio) has a Kd of 62.5 nM, while the
human centrin 3-MLT complex affinity is 2–3 fold higher.

CaBP-MLT complexes have historically been resistant to high resolution structure
determination. However, in an attempt to further explore the mechanism of CaBP binding
and its relationship to target specificity and affinity, we have managed to determine a
structure of the Crcen-MLT complex by X-ray crystallography. This manuscript is a report
of the structural features of the complex, the thermodynamics governing complex formation,
and the molecular mechanism of binding and dissociation.

MATERIALS & METHODS
Preparation of protein and peptide samples

Unlabeled Crcen was bacterially expressed, isolated and purified as described in Pastrana-
Rios et al. (12). For the FT-IR studies, newly transformed Escherichia coli BL21 (DE3)
STAR cells from Stratagene with a pT7-5 Crcen recombinant were grown in a 300 mL
culture using Spectra 9 13C-enriched minimal media from Cambridge Isotope Laboratories,
Inc. (Andover, MA), in the presence of 50 µg/mL of ampicillin in an orbital shaker at 37 °C
and 250 rpm. This inoculum was then added to a 3 L culture with the above mentioned
media in a Bioflo 3000 fermentor from New Brunswick Scientific (Edison, NJ) at 300 rpm
and 37 °C. Bacterial cell growth was monitored by pelleted cell volume and protein
expression induced with IPTG once the cells entered log phase. The bacterial culture was
then harvested by centrifugation and subsequently purified following the above mentioned
procedure. The protein samples were analyzed by SDS-PAGE and were sent for partial
amino acid sequencing and TOF ESI MS before continuing with the biophysical studies.
The concentration of each protein was determined using its predicted molar extinction
coefficient (M−1 cm−1): Crcen ε280 = 1,490 and MLT ε280 = 5,500. The MLT peptide (Ac-
GIGAILKVLATGLPTLISWIKNKRKQ-NH2) was purchased from Abgent, Inc. (San
Diego, CA) and was subjected to extensive dialysis against 0.1 N HCl to remove the
inherent TFA present in the sample as a byproduct of the solid phase synthesis. The peptide
sample was then subjected to a second dialysis against 50 mM Hepes, 150 mM NaCl, 4 mM
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MgCl2, and 4 mM CaCl2 at pH 7.4 and lyophilized repeatedly (6×), while re-dissolving the
sample in D2O (99 at. %D) to ensure complete H→D exchange and removal of the TFA
(26). The purified MLT sample was then analyzed by FT-IR spectroscopy to evaluate the
extent of the removal of TFA, which would be observed as a sharp band at 1674 cm−1. The
MLT sample was judged to be TFA-free.

Calorimetric binding assay
Isothermal titration calorimetry was used to study the interaction between Crcen and MLT.
The experiment was performed on a MicroCal VP-ITC microcalorimeter from GE
Healthcare Piscataway, NJ. A solution of 120 µM MLT in 50 mM Hepes, 150 mM NaCl, 4
mM CaCl2 and 4 mM MgCl2 at pH 7.4 and 25 °C was sequentially injected into a sample
cell containing 10 µM Crcen in the same buffer. Thermodynamic data were fit to a one-site
binding model in the MicroCal Origin software to determine the binding constants.

FT-IR spectroscopy
The protein samples were dialyzed under the desired conditions and then lyophilized
repeatedly to H→D exchange the sample as mentioned above. A 25 µL aliquot of 60 mg/mL
protein in 50 mM Hepes, 150 mM NaCl, 4 mM MgCl2, and 4 mM CaCl2 at pD 6.6 was
deposited on a 49 × 4 mm custom milled CaF2 window with a fixed path length of 40 µm. A
reference cell was prepared similarly, and both cells were set in a custom dual chamber cell
holder. The temperature within the cell was controlled via a Neslab RTE-740 refrigerated
bath (Thermo Electron Corp., NH) and monitored with a thermocouple positioned in close
contact with the sample. The temperature accuracy was estimated to be within 1 °C.
Routinely, spectral data acquisition was performed at the desired preset temperature with 10
min. intervals, once the temperature in the cell was reached, to allow for thermal equilibrium
of the sample. The instrument used was a Jasco FT-IR Spectrophotometer model 6200
(Jasco Corporation, Tokyo, Japan) equipped with an MCT detector, a sample shuttle and
interface. Typically, 512 scans were co-added, apodized with a triangular function, and
Fourier transformed to provide a resolution of 4 cm−1 with the data encoded every 2 cm−1.

Spectral analysis
FT-IR spectroscopy provides protein conformational dynamics. Particularly, the amide I’
band typically observed within 1700–1600 cm−1 is characteristic of peptide bonds within a
protein, comprised mainly of highly coupled carbonyl stretching modes (ν(C=O)) that are
sensitive to the conformation of the protein. H-D exchange simplifies the underlying spectral
contributions within the amide I’ and II bands as follows. The N-D deformation modes of
the peptide bonds within the amide II band (1550 cm−1) shift ~100 cm−1 to lower
wavenumbers, to the amide II’ band (1450 cm−1). As a result, the band observed within
1600–1500 cm−1 is comprised of the side chain modes and it is thus assigned; therefore the
H→D exchange effectively reduces the number of contributing vibrational modes, without
sacrificing structural and dynamic information about the behavior of the protein (7,12,26–
34). In addition, uniformly 13C-labeling one of the protein components results in a shift of
all the carbon containing vibrational modes to lower wavenumbers, effectively separating
the ν(12C=O) vibrations (amide I’ band at 1645 cm−1) for one protein (e.g., MLT) from the
ν(13C=O) vibrations (amide I’* band at 1596 cm−1) for the other (e.g., centrin). This
strategy allows for the simultaneous study of both protein components (26). Also, the 13C-
carboxylate stretching vibrations for aspartates and glutamates shift to lower wavenumbers
by ~30cm−1, thus simplifying the contributions within the amide I’* band. Furthermore,
these shifts to lower wavenumbers due to heavy isotope incorporation can be predicted for
stretching modes by assuming a simple harmonic oscillator, enabling secondary structure
assignment.
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2D IR correlation spectroscopy is a technique derived from NMR and developed by Noda
(35–36). It uses the FT-IR series of sequential spectra as a function of a perturbation
(temperature, H/D exchange, ligand titration, etc.) to generate the synchronous and
asynchronous plots. In general, the analysis spreads the acquired spectral data in two
dimensions, thus enhancing the spectral resolution in the synchronous plot and providing
temporal information on the molecular events that occur in the asynchronous plot
(7,12,26,31, 34–37). Both plots provide information on the correlation between vibrational
modes within the spectral region of interest (1720–1490 cm−1). Consequently, this
technique is sensitive to backbone vibrational modes as well as certain side chain modes (i.
e., arginine, aspartates, and glutamates) being perturbed and, as a result, one can identify
changes in these modes as a function of the perturbation.

For the FT-IR spectral analysis, the spectral data was not manipulated except for baseline
correction. The spectral overlay, peak pick routines, and 2D IR correlation spectroscopy
analysis were performed using a Kinetics program for MATLAB (MathWorks, Natick, MA)
generously provided by Dr. Erik Goormaghtigh from the Free University of Brussels,
Belgium. The thermal dependence plots were generated using Origin version 7 from
OriginLab Corp., Northampton, MA.

Crystallography
Crystals were grown using the hanging drop vapor diffusion method at room temperature by
mixing 2 µL of the Crcen-MLT (1:1.5 molar ratio) solution with 2 µL of a precipitant
solution containing 50 mM HEPES, pH 7.5, 0.2 M KCl, and 40% v/v pentaerythritol
propoxylate (5/4 PO/OH). Crystals appeared as clusters of colorless needles after 2–5 days.
A single crystal measuring ~400×40×20 µm was separated from a cluster and directly
mounted at 93 K in a fiber loop for data collection. X-ray diffraction data were collected to
2.2 Å resolution on a rotating copper anode source with a Saturn92 CCD detector (MSC)
and integrated/scaled using the HKL software suite (Table 1). The structure was solved by
molecular replacement in the space group P21212 using the program Phaser (38) and
searching sequentially for the N- and C-terminal domains of bovine CaM (Protein Data
Bank entry 1CDM). The previously determined structure of the MLT peptide (PDB ID
2MLT) was used to add the MLT peptide into difference density. Strong positive peaks at
the expected calcium ion positions in the Fo–Fc electron density map, calculated using
phases from the molecular replacement model (from which calcium ions had been removed),
confirmed the correctness of the solution. Rebuilding and refinement of the model was done
using Coot (39,40) and Refmac5 (41) from the CCP4 program suite (42). The final structure
contains residues 20–164 of Crcen and the first 20 amino acids of MLT, as well as 4
calcium ions and 23 water molecules. The PDB ID for this complex is 3QRX. The model
refined to an R-factor of 29.41% and R-free of 34.1% (Table 1), values significantly higher
than expected for a structure at this resolution (2.30 Å resolution). Extensive efforts were
made to improve the model further by collection of new datasets from additional crystals,
reprocessing of the data, refinement in a lower-symmetry space group, and model-bias
removal were applied, but they were unsuccessful. Although composite-omit electron
density maps generally support the features of the model presented here, we have refrained
from a more detailed analysis of the crystal structure due to the high R-factors.

RESULTS & DISCUSSION
Molecular species

SDS-PAGE of Crcen revealed a single protein with an approximate molecular weight of 20
kDa (Figure 1A). MLT and Crcen (Figure 1B and C) were determined to be in their
monomeric forms, and MLT’s empirical m/z value of 2,889.6 agreed with the calculated m/z
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ratio. The experimentally determined m/z ratios for 13C-Crcen were 20,004.3 which
indicates >99.4% 13C isotope incorporation. The parent peak at 20,004.3 m/z also exhibits
two shoulders at lower m/z values due to differences in Ca2+ binding. Also considered is the
loss of the methionine residue at the amino terminal end as evidenced from partial amino
acid sequencing. The protein sample was dialyzed against the appropriate buffer to ensure
the holo state of centrin.

Thermodynamics of the Crcen-MLT complex
The interaction between Crcen and MLT was determined by calorimetry to be exothermic at
25 °C, with a dissociation constant Kd = 7.41 ± 0.07 nM, n = 1.38 ± 0.01, ΔHb = −2.73 ±
0.07 kcal/mol, and ΔS = 28.0 cal/mol∙K, resulting in ΔG = −11.1 kcal/mol. Several MLT-
CaBP complexes have been reported in the PINT database (43) or are directly cited herein
(14–19), two of which are summarized in Figure 2 along with Crcen-MLT. The Crcen-MLT
complex was the most stable complex. Crcen-MLT exhibits the highest affinity for MLT
when compared to CaM-MLT (14,18) and Hscen2-MLT complexes (16), also the
contributing enthalpy change observed for Hscen2-MLT is much more favorable for binding
than in Crcen-MLT and CaM-MLT. Complex formation is driven by entropy for Crcen-
MLT and CaM-MLT complexes.

Thermal dependence studies
We compared the FT-IR spectra in the spectral region of 1720–1390 cm−1 (the amide I’, I’*,
side chain, and amide II’ bands) within the temperature range of 5–95 °C in the presence of
Ca2+ and Mg2+ for MLT, 13C-Crcen, and the 13C-Crcen-MLT complex (Figure 3A–C),
suggesting all protein samples were fully H-D exchanged by the intensity ratio of the amide
II’ and I’ or amide II’ and I’* band.

The position of the peak maxima for the amide I’ band for MLT, the amide I’* band for 13C-
Crcen, and the amide I’* band for the 13C-Crcen-MLT complex are plotted as a function of
temperature (Figure 4). For the pure components (Figure 4A) a trend of increasing
frequency with temperature resulted in a shift of 7 cm−1 for MLT, but only 3.5 cm−1

for 13C-Crcen. The magnitude of the change of the backbone associated frequencies
(ν(C=O) and ν(13C=O) for MLT and centrin, respectively) may be indicative of the relative
stability of these two protein components. The magnitude of the shift for 13C-Crcen is
similar to that of unlabeled Crcen (2.5 cm−1) (12). Yet, for the complex (Figure 4B) a
cooperative effect was observed within the temperature range of 5–60 °C, with a shift from
1603.3 to 1600.8 cm−1 resulting in 2.4 cm−1, suggesting the complex is being stabilized and
that the molecular changes observed within this temperature range may define complex
formation. In contrast, for the temperature range of 60–95 °C, the complex is being
destabilized due to the increase in temperature resulting in a shift of 2.0 cm−1. Crcen is in
the holo state, thus ensuring its transition temperature at 112.1 °C; therefore the molecular
changes described within the 60–95 °C temperature range are events that lead to but do not
include thermal denaturation of centrin. Furthermore, no aggregation bands are present in
the spectra within the entire temperature range studied. A similar stability characterizes the
Crcen-MLT complex, thus these experiments effectively separate complex formation from
thermal unfolding and allow the former to be analyzed.

Band assignments
Contributing backbone vibrational modes within the FT-IR spectral overlay and 2D IR
correlations are summarized below for the amide I’ and I’* bands (1720–1550 cm−1) and
side chain band (1550–1490 cm−1). In general, all spectral data sets are arranged in columns
and the similar plot types are arranged in rows to facilitate comparison and analysis.
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The band assignments were done with baseline-corrected spectra for the single components
(MLT or 13C-Crcen). These assignments were also used in the complex spectra and the 2D
IR correlation spectroscopy analysis to facilitate interpretation and comparison.
Furthermore, the assignments have been validated by two of three means: (1) by previous
work as cited, (2) the X-ray structure reported herein, or (3) by simulated spectra (results not
shown). Several spectral overlays within 1720–1490 cm−1 for the full temperature range 5–
98 °C are shown in Figure 5. For MLT (Figure 5A), the amide I’ band comprises: a “kink”
(1670.2 cm−1), presumably due to the proline (P14), random coil (1656.1 cm−1) (26), and β-
strand (1628.0 cm−1). The weak side chain band is composed of arginine (R24) stretching
modes (1606.0 and 1582.2 cm−1). For 13C-Crcen (Figure 5B) the amide I’* band rendered
the following assignments: loops (1630.0 and 1637.0 cm−1), π-helix (1624.0 cm−1) at the C-
terminal end of the sequence, α-helical contributions (1614.0 cm−1), and β-sheets (1597.3
cm−1) present as short segments found within the calcium binding sites (consistent with the
X-ray structure reported herein). The side chain band consisted of the aspartates (1538.0
cm−1), glutamates (1519.1 cm−1), and different stretching modes within the guanidinium of
the arginine residues: 13C-N stretching modes (1572.4 and 1554.0 cm−1) stretching modes
(1608.2 and 1582.3 cm−1) consistent with our previous studies (7,11,12,26). For the 13C-
Crcen-MLT complex (1:2 molar ratio) shown in Figure 5C, the amide I’ and I’* bands are
composed of MLT’s “kink” (1670.7 cm−1), random coil contribution (1656.3 cm−1), a new
band associated with a 310-helical component (1641.2 cm−1) and concomitant loss of the β-
strand at 1628.0 cm−1 (30). For the 13C-Crcen within the complex, β-sheet (1597.0 cm−1),
π-helix (1624.0 cm−1), and loops (1630.0 and 1637.0 cm−1) were observed and are
consistent with the X-ray structure reported herein. Limited to the side chain band are the
following vibrational modes including the symmetric stretch of the guanidinium in the
exchanged arginine (1582.3 cm−1) arising from both components and the 13C-N
antisymmetric and symmetric stretches (1572.4 and 1554.0 cm−1, respectively) exclusive
to 13C-Crcen. Also observed within the side chain band are the 13C-carboxylate modes for
the glutamates (1519.1 cm−1) and aspartates (1538.0 cm−1) (44).

2D IR correlation spectroscopy
2D IR correlation spectroscopy enhances the resolution of the spectral region of interest via
the synchronous plot and provides the temporal order of events that occurs during the
perturbation via the asynchronous plot. The auto peaks found in the synchronous plots show
changes in intensity with peaks that are in phase, while the asynchronous plots are composed
of peaks that change in intensity out of phase from each other. The phase information in the
asynchronous plot is used to interpret the order of events, i.e., to determine whether the
change in ν1 or ν2 occurs first, according to Noda’s rules (35,36).

The synchronous plots for the single components (MLT and 13C-Crcen) studied within the
spectral region 1720–1490 cm−1 are shown in Figure 5D and E, respectively. In each case, a
spectral region (for MLT, 1600–1540 cm−1, and for 13C-Crcen, 1720–1650 cm−1) is
observed to have little or no overlap. The auto and cross peaks with their band assignments
are consistent with the band assignments presented above for the same spectral region. The
auto peak with the greatest intensity change for MLT (Figure 5D) was the random coil (1656
cm−1). For 13C-Crcen (Figure 5E) the auto peak with the greatest intensity change was the
β-sheet (1597 cm−1). These same auto peaks are observed to have the greatest intensity
changes within the complex (Figure 5F) with the corresponding cross peaks suggesting a
Crcen-MLT interaction.

Evidence of Centrin-MLT interaction
The correlated cross peaks with strong intensity changes suggest the existence of an
interaction between centrin and MLT. In the synchronous plot (Figure 5F), the changes in
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intensity are in phase with one another and involve MLT’s β-strand (1628.0 cm−1) with 13C-
Crcen’s β-sheets (1597 cm−1). MLT’s β-strand (1628.0 cm−1) is also interacting with 13C-
Crcen’s glutamates (1519 cm−1). These interactions suggest that the C-terminal end of MLT
adopts a β-strand conformation due to the polar and basic amino acid composition within
this segment of the sequence. This would allow for the electrostatic, ionic or hydrogen-
bonding interactions observed for 13C-Crcen’s glutamates and aspartate (presumably within
the loop within the third and fourth EF-hands located in C-terminal domain) and MLT’s
carboxyl terminal end. These interactions would affect the transition dipole moments
observed for the vibrational modes discussed, causing the intensity changes and peak shifts
observed.

In the asynchronous plot (Figure 5I), where changes in cross peak intensity are out of phase
from one another, we observed several strong correlations: MLT’s random coil (1656.0
cm−1) with 13C-Crcen’s π-helix (1624.1 cm−1) and β-sheets (1597 cm−1), and MLT’s
random coil (1656.0 cm−1) and MLT’s “kink” (1670.6 cm−1) with its own β-strand (1628.0
cm−1). Furthermore, 13C-Crcen’s π-helix (1622.1 cm−1) correlates with MLT’s only Arg24
(1578 cm−1). MLT’s α-helical motif (1641 cm−1) correlate with 13C-Crcen’s glutamates
(1525 cm−1) (located within the loop region and the contiguous helices within the C-
terminal domain). Consequently, MLT undergoes conformational changes upon interaction
with centrin that are not observed for the pure components.

Molecular events for the single components
(MLT and 13C-Crcen) within the spectral region 1720–1490 cm−1 were studied using the
synchronous (Figure 5D and E) and asynchronous (Figure 5G and H) plots. The schematic
diagram (Scheme 1A and B for MLT and 13C-Crcen, respectively) lists the band
assignments and arranges them in the order in which they were perturbed, reflecting the
relative stability associated with each vibrational mode. For MLT, the random coil (1656
cm−1) was the least stable followed by the β-strand (1628.0 cm−1) and the “kink” (1670
cm−1) located near the center of the sequence. Finally the single Arg residue at position 24
is perturbed, thus serving as a probe for the C-terminal end of the peptide. Consequently, the
C-terminal end of MLT is the most stable portion of the peptide and is presumably stabilized
by hydrogen bonding interactions with its aqueous environment. These results are consistent
with those by Dr. Prendergast group using NMR spectroscopy (45–47).

For 13C-Crcen, all the calcium binding sites (I–IV) are bound to Ca+2 (see the structural
information below), therefore the glutamates and aspartates within this sequence are also
stable due to their coordination with the calcium ion. This translates stability to the majority
of the α-helical motifs present in the protein. Therefore, it is not surprising to observe small
changes in the transition dipole moments associated with this vibrational mode (1614 cm−1),
and as a result a small intensity change is observed for this cross peak. Furthermore,
additional glutamates and aspartates are located within the loops (1630 and 1637 cm−1) that
connect the EF-hand motifs at each terminal end; however, the sequence composition is
different for these two loops. The N-terminal loop (1630 cm−1) is composed of lysines and
other polar residues which can interact with nearby glutamates by hydrogen bonding or
intra-salt bridge interactions, thereby stabilizing this structural motif (48,49). The loop (1637
cm−1) located at the C-terminal domain does not have the possibility of being stabilized by
these weak interactions with neighboring residues, but instead are stabilized by interactions
with the aqueous environment and is therefore more stable. The first perturbation events
involve the glutamates (1519 cm−1) in this C-terminal domain loop followed by the
aspartates (1538 cm−1). The perturbation of these residues with their associated electrostatic
interactions have a long range effect on the short β-sheets (1597 cm−1) located within the
calcium binding sites causing them to be perturbed. The associated arginine vibrational
modes within the guanidinium are then perturbed (1554, 1582, and 1572 cm−1) followed by
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the α-helical motifs (1614 cm−1), the π-helix (1624 cm−1) located at the C-terminal end, and
finally, the loops (1630 and 1637 cm−1). The order of events presented for Crcen is in
accord with previously published work for the unlabeled protein (12).

Molecular description of complex formation
By separating the spectral data sets for 13C-Crcen-MLT complex shown in Figure 5C, as
indicated by the thermal dependence plot shown in Figure 4B within the temperature range
of 5 – 60°C, we can describe the molecular events that define the cooperative behavior
observed during complex formation (Figure 6A, C and E). These results have been
summarized by using the band assignments for each protein component within the complex
(Scheme 2A). Briefly, centrins’ glutamates (1519 cm−1) perturb MLT’s random coil (1656
cm−1) causing a conformational change in MLT, which adopts a 310-helix (1641 cm−1).
This helical conformation allows for weak interactions with centrins’ aspartates (1538
cm−1). The center portion of MLT is then perturbed within the “kink” region (1670 cm−1).
These cumulative perurbations then affect the C-terminal domain loop (1637 cm−1) of
centrin. Then, centrin’s N-terminal domain loop (1630 cm−1) is perturbed followed by the
guanidinium (1554 cm−1) symmetric stretching mode of centrin’s arginines. These events
are followed, by centrins’ helical motifs being perturbed (π- and α-helix, at 1624 and 1614
cm−1, respectively), while the short β-sheet segments (1597 cm−1) located within the
calcium binding sites are stabilized; presumably by long range electrostatic interactions
involving MLT’s C-terminal end sequence and centrin’s C-terminal domain loop. Finally,
arginine stretching modes (1572 cm−1 and 1582 cm−1 for νa(13C-N) and νs(N-D),
respectively) within centrin are perturbed, therefore representing the most stable component.
The high stability of centrins arginines within the complex when compared to pure centrin is
presumably due to hydrogen bonding interactions with its aqueous environment (Arg located
at the N-terminal domain, tethered helix) and with MLT backbone carbonyls and glutamine
residue located in the C-terminal end of the peptide (Arg located within centrins C-terminal
domain i.e., loop and π-helix). Similarly, the single arginine and neighboring lysines within
the MLT sequence located within the C-terminal end are stabilized by salt-bridge or
electrostatic interactions with centrin’s glutamates (Glu− at position 136, 137, 138, 141 and
145) located within the C-terminal domain loop or by hydrogen bonding interaction with the
Ser167 or Thr166 within the π-helix.

Thermally induced complex dissociation
The spectral data set for the temperature range of 60 – 95°C is shown in Figure 6B and was
similarly selected after analyzing the thermal dependence plot shown in Figure 4B. We can
describe the molecular events that define the dissociation of the 13C-Crcen-MLT complex
by using the 2D IR correlation spectroscopy shown in Figure 6D and F, also summarized in
a schematic form based on the band assignments (Scheme 2B). The least stable region
within the complex is MLT’s “kink” (1670 cm−1) at Pro14. The level of flexibility in this
region is greater than that of the random coil (1656 cm−1) segments within the peptide
(MLT). The fluctuations described in MLT along with the rising temperature perturb
centrins’ β-sheets (1597 cm−1), followed by arginines’ guanidinum’s N-D asymmetric
stretch (1608 cm−1) and centrins’ glutamates (1519 cm−1). They are presumably perturbed,
by the breakage of any salt-bridge or ionic interaction between these residues within the
complex, causing a loss of the 310-helical motif in MLT. The arginine guanidinum N-D
symmetric stretch (1582 cm−1) is then perturbed. These cumulative perturbations; affect
centrin’s α-helical components (1614 cm−1) and the C-terminal domain loop (1637 cm−1).
These perturbations along centrin and the rise in temperature cause the intra-molecular salt-
bridge interactions to break within the aspartates (1538 cm−1) and arginines, represented by
the guanidinium 13C-N stretching vibrations (1572 and 1554 cm−1, in that order). Also
considered are the perturbations of weak interactions between centrin arginines (13C-N
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stretching vibrations) located within the π-helix and MLT’s backbone carbonyls or the
glutamine residue located at the C-terminal end. The final perturbation events and as a result
the most stable structural motifs within the complex, are centrins’ N-terminal domain loop
(1630 cm−1) and the π-helix (1624 cm−1) found at the C-terminal end of centrin. The high
stability of these motifs correlates with the most stable motifs found in the pure 13C-Crcen
and significantly differs from the elucidated order events for the formation of the complex.
Thus, describing the dissociation of the complex.

X-ray crystal structure of the Crcen-MLT complex
Crcen adopts an extended dumbbell-shaped conformation in the crystal structure (Figure 7),
with Ca2+ ions occupying all four EF-hands and both the N- and C-terminal domains in the
open conformation. As in the structure of HsCen2 bound to XPC peptide (PDB ID 2GGM)
(50), the helical MLT peptide interacts with the C-terminal domain of Crcen. However, the
orientation of the bound peptides relative to the centrin molecule differs. The N-terminal end
of MLT is oriented towards the Crcen tethered helix. The MLT helix is bent due to the
presence of proline at position 14, as was observed in a previous structure of MLT alone
(PDB ID 2MLT) and does not interact as closely with Crcen as other peptides have been
observed to interact with related EF-hand proteins. It arches over the exposed hydrophobic
binding surface of the C-terminal domain, making a few Van der Waals contacts near the
beginning of the MLT helix (Figure 7). Indeed, the large pocket in centrin filled by XPC’s
tryptophan in the HsCen2-XPC and yeast centrin-Kar1p structures remains empty in the
Crcen-MLT structure.

CONCLUSIONS
The value of an interdisciplinary and comparative approach for understanding the complex
molecular behavior of proteins and their interactions has been proven in the work presented
here. This approach is essential to understanding the role of proteins and their biological
function. Isothermal titration calorimetry provided the thermodynamic profile of a stable
complex driven entropically, while the vibrational spectroscopy and 2D IR correlation
spectroscopy analysis was essential for a dynamic molecular description of both protein
components during their interaction. The results presented for the Crcen-MLT complex
were compared to the pure components, providing further evidence of the effects of
stabilization of centrin when interacting with the MLT. Long range electrostatic interactions
were observed between centrin’s C-terminal domain loop and the short β-sheets found at the
calcium binding sites III and IV. Meanwhile, the electron density map rendered hydrophobic
and van der Waals interactions between the N-terminal end of the peptide and centrins’
tethered helix towards the C-terminal domain and arches over the hydrophobic surface
within the EF-hand. The centrin molecule, however, remained in its extended conformation,
potentially due to MLT not having the required polar residues within its sequence,
specifically between A4 and L16, to induce the large conformational change observed for
other centrin-target complexes. Finally, with the novel structural information provided, we
have confirmed that the MLT peptide limits its interaction to the C-terminal domain of
centrin, while maintaining an extended structure within the complex. The cumulative results
presented herein provide a detailed description of the Crcen-MLT complex.

Abbreviations

Crcen Chlamydomonas reinhardtii centrin

MLT melittin

CaBP calcium binding protein
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IPTG isopropyl β-D-thiogalactopyranoside

SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis

TOF-ESI MS time of flight electrospray mass spectrometry

MALDI MS matrix assisted laser desorption ionization mass spectrometry

FT-IR Fourier transform infrared

2D IR two-dimensional infrared

ITC isothermal titration calorimetry
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FIGURE 1.
Biochemical characterization of Chlamydomonas reinhardtii centrin and MLT. (A) SDS-
PAGE, (B) MALDI MS analysis of MLT also corresponds to its monomeric form, and (C)
MS analysis of Crcen indicates the protein is 13C-labeled and in its monomeric state.
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FIGURE 2.
Comparison of enthalpic (ΔHb, narrow striped bars) and entropic (−TΔS, wide striped bars)
contributions to Gibbs free energy (ΔG, solid bars) of CaBP-MLT complex formation at
varying temperatures (25, 25, and 30°C) and pH (7.4, 7.0 and 6.5) for Crcen (results
presented herein), BtCaM (14), and Hscen2 (16); respectively.
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FIGURE 3.
Spectral changes in the region of 1720 – 1390 cm−1 as a function of temperature for (A)
MLT, (B) 13C-Crcen, and (C) the 13C-Crcen-MLT complex (1:2, mol ratio); from blue
(5°C) to red (95°C).
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FIGURE 4.
Change in the maximum peak frequency for: (A) pure protein components (open circle)
MLT’s amide I’ band and (asterisk) 13C-Crcen’s amide I’* band, and (B) 13C-Crcen-MLT
complex (1:2, mol ratio) amide I’* band; within the temperature range of 5–95°C. In the
lower panel (B) the dash line separates the cooperative effect associated with complex
formation within the temperature range of 5–60°C and that of complex dissociation which
occurs within the temperature range of 60–95°C.
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FIGURE 5.
The thermally induced spectral changes in MLT, 13C-Crcen, and 13C-Crcen-MLT complex
(1:2 molar ratio) are shown as overlaid FT-IR spectra (A–C) and synchronous (D–F) and
asynchronous (G–I) plots within the spectral region of 1720–1490 cm−1 and 5–95°C
temperature range.
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FIGURE 6.
The thermally induced spectral changes for 13C-Crcen-MLT complex (1:2 molar ratio) are
shown as overlaid FT-IR spectra (A,B) and synchronous (C,D) and asynchronous (E,F) plots
within the spectral region of 1720–1490 cm−1 for complex formation: (A,C,E) within the
temperature range of 5–60°C and for complex dissociation (B,D,F) within the temperature
range of 60–95°C.
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FIGURE 7.
Structural superimposition of Chlamydomonas reinhardtii centrin (light blue) bound to
melittin (blue) with human centrin 2 (pink) bound to the XPC peptide (red). Fifty-six alpha
carbons of the C-terminal domains of the proteins, located in the top portion of the ribbon
diagram, were aligned (RMSD=0.868 Å) to illustrate the different interactions of the two
peptides with centrin. Calcium ions are illustrated as pink or light blue spheres.
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SCHEME 1.
Schematic representation summarizing the order of events during the thermal perturbation of
the pure protein components (A) MLT and (B) 13C-Crcen.
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SCHEME 2.
Schematic representation summarizing the order of events of the thermally induced 13C-
Crcen-MLT complex (1:2 molar ratio) (A) formation and (B) dissociation process.
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Table 1

X-ray data collection and refinement statistics

Data Collection Refinement

Space Group P21212 Resolution (Å) 20–2.30

Unit Cell Dimensions Number of Reflections

      a, b, c (Å) 52.08, 114.36, 34.82 Rwork/Rfree 0.291/0.341

      α, β, γ (°) 90, 90, 90 Number of Atoms/B-factors 1328/48.8

Wavelength (Å) 1.5418 Centrin 1157/45.4

Resolution Range (Å)* 20–2.30 (2.38–2.30) Melittin 136/65.1

Rsym(%)*,† 6.5 (48.9) Ca2+ Ions 4/37.1

I / σ(I)* 10.7 (3.9) Waters 31/42.2

Completeness (%)* 97.3 (95.6) RMSD

Redundancy* 6.4 (6.2) Bond Lengths (Å) 0.022

Bond Angles (°) 1.753

*
The number in parentheses is for the highest resolution shell.

†
Rsym = Σihkl|Ii(hkl) - <I(hkl)>| / Σhkl <I(hkl)>, where Ii(hkl) is the ith measured diffraction intensity and <I(hkl)> is the mean of the intensity

for the Miller index (hkl).
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