View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Warwick Research Archives Portal Repository

THE UNIVERSITY OF

WARWICK

Original citation:

Li, Huilin, Wells, Stephen A., Jimenez-Roldan, J. Emilio, Rdmer, Rudolf A., Zhao, Yao,
Sadler, P. J. and O'Connor, Peter B.. (2012) Protein flexibility is key to cisplatin
crosslinking in calmodulin. Protein Science, Volume 21 (Number 9). pp. 1269-1279.
ISSN 0961-8368

Permanent WRAP url:
http://wrap.warwick.ac.uk/52447

Copyright and reuse:

The Warwick Research Archive Portal (WRAP) makes this work by researchers of the
University of Warwick available open access under the following conditions. Copyright ©
and all moral rights to the version of the paper presented here belong to the individual
author(s) and/or other copyright owners. To the extent reasonable and practicable the
material made available in WRAP has been checked for eligibility before being made
available.

Copies of full items can be used for personal research or study, educational, or not-for-
profit purposes without prior permission or charge. Provided that the authors, title and
full bibliographic details are credited, a hyperlink and/or URL is given for the original
metadata page and the content is not changed in any way.

Publisher’s statement:

Article is published under the Wiley OnlineOpen scheme and information on reuse rights
can be found on the Wiley website: http://olabout.wiley.com/WileyCDA/Section/id-
406241.html

A note on versions:
The version presented in WRAP is the published version or, version of record, and may
be cited as it appears here.

For more information, please contact the WRAP Team at: publications@warwick.ac.uk

warwickpublicationswrap

————— L ——————————

highlight your resear

http://wrap.warwick.ac.uk/



https://core.ac.uk/display/9846094?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://wrap.warwick.ac.uk/
http://wrap.warwick.ac.uk/52447
http://olabout.wiley.com/WileyCDA/Section/id-406241.html
http://olabout.wiley.com/WileyCDA/Section/id-406241.html
mailto:publications@warwick.ac.uk

Protein flexibility is key to cisplatin
crosslinking in calmodulin

Huilin Li," Stephen A. Wells,2 J. Emilio Jimenez-Roldan,? Rudolf A. Romer,2
Yao Zhao,! Peter J. Sadler,' and Peter B. O’Connor'*

'Department of Chemistry, University of Warwick, Coventry, CV4 7AL, United Kingdom
2Department of Physics and Centre for Scientific Computing, University of Warwick, Coventry, CV4 7AL, United Kingdom

Received 26 April 2012; Accepted 15 June 2012
DOI: 10.1002/pro.2111
Published online 25 June 2012 proteinscience.org

Abstract: Chemical crosslinking in combination with Fourier transform ion cyclotron resonance
mass spectrometry (FTICR MS) has significant potential for studying protein structures and
protein-protein interactions. Previously, cisplatin has been shown to be a crosslinker and
crosslinks multiple methionine (Met) residues in apo-calmodulin (apo-CaM). However, the inter-
residue distances obtained from nuclear magnetic resonance structures are inconsistent with the
measured distance constraints by crosslinking. Met residues lie too far apart to be crosslinked by
cisplatin. Here, by combining FTICR MS with a novel computational flexibility analysis, the flexible
nature of the CaM structure is found to be key to cisplatin crosslinking in CaM. It is found that the
side chains of Met residues can be brought together by flexible motions in both apo-CaM and
calcium-bound CaM (Ca,;-CaM). The possibility of cisplatin crosslinking Ca,-CaM is then confirmed
by MS data. Therefore, flexibility analysis as a fast and low-cost computational method can be a
useful tool for predicting crosslinking pairs in protein crosslinking analysis and facilitating MS data
analysis. Finally, flexibility analysis also indicates that the crosslinking of platinum to pairs of Met
residues will effectively close the nonpolar groove and thus will likely interfere with the binding of
CaM to its protein targets, as was proved by comparing assays for cisplatin-modified/unmodified
CaM binding to melittin. Collectively, these results suggest that cisplatin crosslinking of apo-CaM

or Ca,-CaM can inhibit the ability of CaM to recognize its target proteins, which may have
important implications for understanding the mechanism of tumor resistance to platinum

anticancer drugs.
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Introduction

Proteins often carry out their function as part of
large complexes, and their interactions are intrinsic
to virtually every cellular process. Therefore, the
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determination of a protein’s three-dimensional struc-
ture and the identification of its interaction partners
are critical next steps in understanding protein
action. Chemical crosslinking as a powerful tool for
studying protein interactions has been used success-
fully for many years'™; however, not until 2000, was
the idea of combining crosslinking and mass spec-
trometry (MS) as a tool to study protein conforma-
tions and protein—protein interactions introduced by
Young et al.’ Since then, the developments in MS
have greatly promoted the application of crosslink-
ing in structural biology.”® Fourier transform ion
cyclotron resonance mass spectrometry (FTICR MS)
has been shown to be a powerful tool for analyzing
crosslinking in reaction mixtures, owing to its high
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sensitivity, high mass accuracy, high resolving
power, and the availability of multiple fragmentation
techniques.’®*® The combination of chemical cross-
linking with FTICR MS not only yields information
about protein—protein interactions but also reveals
which residues within protein complexes are close to
one another in space. The high mass accuracy of
FTICR MS can dramatically reduce the number of
candidates for crosslinking products, and in addi-
tion, its high resolution, the ability to provide a “gas
phase” purification to accumulate low-intensity
crosslinked product ions, and the ability to fragment
large proteins or peptides extensively, are critical
tools that allow the unambiguous assignment of the
crosslinking products and localization of the cross-
linking sites. However, the identification of the
crosslinked products can still be laborious and time-
consuming owing to the complexity of the reaction
mixtures. To overcome these challenges, significant
effort has been dedicated to the design of new func-
tional crosslinkers that can enrich cross-linked prod-
ucts via affinity tags or facilitate the identification
of crosslinked products by introducing MS-cleavable
bonds. 1618

Previously, the ability of cisplatin to act as a
potential protein crosslinker was explored and dem-
onstrated using standard peptides and the 16.8 kDa
protein calmodulin (CaM).'® Some of the features of
cisplatin as a potential crosslinking reagent are
highlighted in the following sections.

Chemical specificity

Cisplatin is different from current -crosslinking
reagents in targeting new functional groups;'® thio-
ether and imidazole groups, which provide comple-
mentarities with existing crosslinkers. Lysine resi-
dues are the most commonly targeted crosslinking
groups, and are often located on the surface of pro-
teins. Hence, lysine crosslinking usually provides
surface information on proteins. Unlike crosslinking
reagents which only target hydrophilic groups, cis-
platin also targets the hydrophobic residue methio-
nine (Met). Met residues are often located in the in-
terior of proteins; therefore, targeting Met residues
potentially provides information on the core of pro-
tein complexes.

Compatibility with MS

Platinum(II) inherently has two positive charges
which enhance the detection of crosslinked products.
Higher charge states not only promote the detection
of crosslinked products with less purification, but
result in more comprehensive MS/MS fragmentation
and can assist the assignment of modification sites.
Moreover, the unique isotopic pattern of platinum
(194Pt [97.41%], 19°Pt [100%], °°Pt [74.58%)) flags
crosslinking products and modification sites by MS,
allowing for easy visual identification of crosslinked
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products in a spectrum without significantly compli-
cating the spectrum or the need for additional label-
ing procedures.

Homobifunctional or heterobifunctional

reactive groups

Cisplatin is square-planar with four co-ordinated
ligands. In principle, all four original ligands can be
replaced. As well as binding to Met (S) and His (N)
residues, cisplatin can also bind to the thiol group of
Cys (S) and carboxylate (O) groups, which provides
the flexibility for homobifunctional or heterobifunc-
tional or even heterotetrafunctional crosslinking.

Spacer arm length

The Pt ligand bond angles are ca. 90°, with Pt—N
bond lengths of ca. 2.0 A, and Pt—S bond lengths ca.
2.3 A; thus, the spacer arm length of cisplatin as a
crosslinker ranges from ca. 2.8 (2 x \/2) to 4.6 A
(Supporting Information Figure S-1).2° Distance con-
straints are critical for protein structure prediction.
They provide an initial approximation of the dis-
tance between two linked groups. The longer the
arm length, the more likely it is that more crosslinks
will be observed; however, less accurate spatial in-
formation is obtained. In contrast, zero-length cross-
linkers (crosslinking proteins without adding spacer
arm atoms between two conjugated molecules)
require almost direct contact of the crosslinkable
sites. Thus, the spatial distance range of cisplatin
makes it a wuseful complementary crosslinking
reagent.21

Cleavability and solubility

Cleavability is important in studies involving biospe-
cific interactions between two molecules, which
allow the verification of the crosslinking reactions
through identification of the crosslinked sites. Previ-
ously, collisionally activated dissociation (CAD) and
electron capture dissociation of Pt crosslinked prod-
uct have shown the cleavability of Pt—S or Pt—N
bonds,'®2? facilitating the localization of the cross-
linked sites. In addition, cisplatin is a widely used
clinical anticancer drug; it is water soluble (8 mM)
and is able to penetrate membranes.

Structure and function of calmodulin

Calmodulin (CaM) is a conserved and ubiquitous cal-
cium (Ca?")-binding protein that senses changes in
intramolecular calcium levels to co-ordinate the activ-
ity of at least 30 different target proteins in eukaryo-
tic cells.2? CaM contains nine Met residues out of 148
amino acids, four of them located at residues 36, 51,
71, and 72 in the N-terminal part of the protein and
another four at residues 109, 124, 144, and 145 near
the C-terminus. A ninth Met is located at position 76
in the linker region [Fig. 1(A)].242% High-affinity
Ca?* binding to two EF-hand Ca?*-binding motifs in
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Figure 1. (A) NMR structure of CaM (1DMO, the first of 30 conformations)?® and crystal structure of Ca,-CaM (1CCL).26
Calcium ions are in black, sulfur atoms Met residues indicated as spheres. (B) The C-terminal domain (residues, 80-147) of
Cay-CaM (1CLL) shows the hydrophobic protein-binding groove: (B_1) at the start of a flexible-motion simulation (native
structure), and (B_2) during flexible-motion simulation along mode m4,~ (Panel (B) is discussed in the Fropa simulation results
section). The protein is mostly shown in cartoon view, with Met residues shown in all-atom view, and sulfurs highlighted in
black. The sulfur—sulfur distance for residues 109 and 144 is shown as 12.3 A at the start of a flexible-motion simulation (B_1)
and 4.5 A (B_2) during flexible-motion simulation along mode m4,4 . It is clear that these two residues have been brought into

close proximity in mode 14°.

each of the globular domains induces a conforma-
tional change from the more compact apo-CaM struc-
ture?® to the more open Cay-CaM structure®® as
shown in Figure 1(A), which leads to the exposure of
hydrophobic target-binding surfaces in each of the
globular domains. Met residues contribute 46% of the
exposed surface area of the hydrophobic patches on
the calmodulin surface.?* Previous results have
shown that cisplatin crosslinks apo-calmodulin (apo-
CaM) at multiple Met pairings, as follows: Met109—
Met144, Met51-Met71/Met72, Met109—-Met124, and
Glul27/Asp129-Met144-Met145.1%22 However, the
distance constraints obtained from nuclear magnetic
resonance (NMR) structures are inconsistent with the
measured distance constraints from crosslinking (see
Results and Supporting Information Table S-1). Our
objective in this study is to resolve this inconsistency.

Protein structures generally are dynamic and
flexible, displaying motion on a wide range of length
and time scales.2” In carrying out its biological func-
tion, CaM displays substantial flexibility in both the
nonpolar binding grooves with the o-helical linker
connecting the two globular domains; this flexibility
is visible in NMR and simulations.2>24-32 In particu-
lar, in a previous backbone dynamics study of cal-
cium-saturated recombinant Drosophila CaM (the
sequence of Drosophila CaM differences from the
sequence of human CaM by 2 amino acids, F99-Y99,
and S147-A147), Barbato et al. observed that a high
degree of mobility exists near the middle of the cen-
tral helix of CaM, and also in the loop that connects
the first with the second EF-hand type calcium do-

Li et al.

main and in the loop connecting the third and fourth
calcium-binding domains.?? Back et al. pointed out
that if a link originates from a residue localized in a
flexible loop in the protein, attachments to residues
scattered around the structure may be found.® How-
ever, it is not clear whether the crosslinks found to
violate the distance constraints observed in the
NMR
observed mobility.3?

Attempts to model large-scale dynamic motion
at a very high level of theory (e.g., ab initio simula-
tion) that could also describe the chemical details of
the formation of Met—Pt bonds would be excessively
computationally demanding. However, we expect the
large-scale motion to be dominated by the intrinsic
dynamics of the protein backbone,?” and this motion
can be investigated using simplified methods. In the
present study, to assist in the interpretation of the
experimental data, the flexible motion of CaM was
modeled computationally, using a recently developed
rapid method,?® combining protein rigidity analy-
sis,?* geometric modeling of flexible motion,?*¢ and
elastic network modeling®” (details are explained in
Supporting Information). These flexibility simula-
tions allow us to explore large-amplitude motion
along multiple normal modes in an all-atom protein
structure at minimal computational expense®® and
provide valuable information on the geometry of
potential platinum-binding sites. Results from flexi-
bility simulations of Cas-CaM were further tested by
additional MS experiments. Based on the results of
crosslinking experiments and flexibility simulations,

structures of CaM can be attributed to
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Table I. Predicted Crosslinking Sites as Obtained from Rigidity and Flexibility Analysis at Energy Cutoffs of —3
keal /mol (for Results from Energy Cutoffs of —2 and —1 kcal/mol, see Supporting Information Table S-2a and b)*

Rigidity cutoff —3 keal/mol

+Ca structure (1CLL)

—Ca structure (calcium-deleted
structure of 1CLL)

Mode MS Mode MS

Residue Residue d(1 — 2) (A) of close dl - 2) (A) experiment of close dl - 2) (A) experiment
1 2 native(1CLL) approach simulated results approach simulated results

36 71 10.9 mist 4.9 - -
36 72 11.6 - mi3 4.3 -
51 71 9.9 mys” 3.8 Yes mys" 3.6 Yes
51 72 12.5 - -
109 124 5.2 Many modes <5 Yes Many modes <5 Yes
109 144 12.3 myy 3.7 Yes moy 3.8 Yes
109 145 10.3 - -
124 144 9.6 l'I'llg+ m j9 4.1 - I'Illg+ 4.6 -
124 145 11.0 - -

& The first two columns give the potential crosslinking Met residues, the third shows the sulfur—surfur distance d(1 — 2)
obtained from the crystal structure of Cas-CaM (1CCL). The remaining columns show the modes in both +Ca and —Ca
structures that can bring Met residues close to within 5 A, and the corresponding d(1 — 2) distances, and the MS results
wherever available. “-” indicates that the crosslinking of the corresponding Met pairs was not observed in MS. (kcal/mol is
used as a default unit in FIRST software, which can be converted to SI unit according to 1 kcal/mol = 4.2 kdJ/mol).

a possible mechanism is suggested, by which the
binding of anticancer drug cisplatin to CaM can
decrease the ability of apo-CaM and Cayu-CaM to rec-
ognize its target proteins.

Results and Discussion

Previously, Li et al. reported, using a combination of
top-down and bottom-up MS methods, that cisplatin
crosslinks multiple Met pairs of apo-CaM, as follows:
Met51-Met71/Met72, Met109—-Met124, Met109-
Met144, and Glul27 or Aspl29-Metl144-Metl145
(The detailed MS results are shown in Supporting
Information Figure S-2 and the crosslinking pairs
are listed in Table I).}>22 However, the spatial dis-
tances of each crosslinked pair as determined from
the reported family of 30 NMR structures of apo-
CaM (Supporting Information Table S-1),%° as sul-
fur—sulfur distances of each Met pair are as follows:
Met51-Met71 (2.9-7.1 A), Met51-Met72 (5.7-8.7 A),
Met109-Met124 (6.8-9.2 A), Met109-Met144 (9.7—
12.7 A), and Met144-Met145 (5.2-9.2 A). These val-
ues range from 2.9 to 12.7 A; and only the spatial
distances between Met51 and Met71 (in 11 confor-
mations out of 30) fit the arm length range of cispla-
tin (2.82-4.63 A).

Analysis of the crosslinking sites of cisplatin to
CaM and Ca,-CaM by flexibility approaches

Rigidity dilution analysis. Rigidity analysis is
carried out in floppy inclusions and rigid substruc-
ture topography (FIRST) software, which predicts flex-
ible regions in proteins by analyzing the constraints
on flexibility formed by the covalent and noncovalent
bonds.?®? Figure 2 shows the rigidity dilutions for
the 1CLL CaM structure,?® both in its native state
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including four bound calcium ions [Fig. 2(A)], and
also in an edited state with calcium ions deleted
from the structure [Fig. 2(B)]. In the native state, o-
helical regions, for example, residues 103—111 (pink),
118-128 (green), 139-146 (blue), are generally visi-
ble as persistent rigid clusters during the dilution,
and much of the N-terminal region remains a single
rigid cluster to cutoff values around —2 kecal/mol (ca.
8.4 kd/mol). However, the central helix (residues,
66-92) ceases to be a single rigid cluster at a cutoff
of —1.178 kcal/mol. It appears that the capacity of
the central helix to become flexible in CaM, visible
in the NMR ensemble of structures 1DMO,?” is pre-
dicted by the rigidity analysis.

Deletion of the calcium ions from the 1CLL
structure [Fig. 2(B)] removes constraints from the
network as protein—metal bonds are no longer pres-
ent. The effects on the rigidity analysis are greatest
at small values of the energy cutoff and are particu-
larly visible in the N-terminal region. With calcium
bound, residues 5-35 form as a solid robust helix
structure [Fig. 2(A)]; upon removal of the calcium,
the same region splits into two helices connected by
a flexible linker region (residues, 19-30) [Fig. 2(B)].
The flexibility simulations were carried out using
three different cutoffs (-1, —2, and —3 kcal/mol) for
both the native- and the calcium-deleted structures.
This allowed us to explore the flexible motion of the
structure both when it is largely rigid and when it is
largely flexible.?

Elastic network mode. Coarse-grained elastic
network modeling®” was performed to identify low-
frequency modes of CaM based on its crystal struc-

ture (1CLL). The motions along the 20 lowest-

Cross-linking and Protein Flexibility
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Figure 2. Rigidity dilution plots for (A) the native structure of Cas-CaM (1CLL), and (B) the Cas-CaM (1CLL) with calcium
deleted. The primary sequence of the protein is represented as a line, and the secondary structure is presented by using
DSSP (database of secondary structure assignments) with calcium-binding sites indicated.® A horizontal thin black line
indicates a flexible region of the backbone, whereas a thick colored line indicates a rigid cluster. The topmost line of the plot
shows the rigidity of the structure with the inclusion of all possible hydrogen bonds; the structure is almost entirely a single
rigid cluster, shown in red. When E., is decreased (left-most column, in kcal/mol), rigid clusters break up as indicated in
different colors and more of the chain becomes flexible (there are no correlations of the same colors between (A) and (B)).
Cutoff values used in the simulation of flexible motion (—1, —2, and —3 kcal/mol) are indicated by arrows.

frequency nontrivial modes, that is, m;—myg were
examined.” To distinguish between motion along the
direction of a mode and motion opposite, m" and m~
were used, respectively. The protein displays a sub-
stantial amount of flexible motions along these
modes. Some of these flexible motions bring pairs of
Met residues into close proximity, potentially allow-
ing crosslinking by cisplatin. As CaM is almost sym-
metric, several modes were found to occur in
matched pairs, describing equivalent motions of the
two globular domains.

Fropa simulation results. The Fropa software®*

was used to determine conformational changes in
CaM. Each of the 20 mode eigenvectors of CaM was
explored, in positive and negative directions, for
each of three E.,; values, for the native- and cal-
cium-deleted structures, making up 240 trajectories
in all. The conformations generated in the flexibil-
ity simulations were examined and distances
between the sulfur atoms of Met side-chains were
extracted using a distance cutoff of 5 A. Multiple
cases were identified (Table I) in which a pair of
sulfur atoms lying outside this cutoff distance in
the crystal structure is brought within the cutoff by
flexible motion along a mode eigenvector.

"Modes 1-6 represent combinations of rigid-body rotations and
translations of the structure and have effectively zero frequency, so
the lowest-frequency non-trivial mode is mode 7, hereinafter m-.

Li et al.

In Figure 1(B), a flexible motion of the C-termi-
nal globular domain is shown. The side chains of
residues Met109 and Metl144 are widely separated
in the 1CLL crystal structure [Figure 1(B_1)], but
are brought together by motion along my, [Figure
1(B_2)], a mode that opens and closes the nonpolar
binding groove. This suggests that the thioether side
chains of Met109 and Met144 can co-ordinate to the
same platinum ion when CaM binds to cisplatin.
This would account for the observation of cross-
linked fragments in MS, such as CaM(107-126) + Pt
+ CaM(127-148).'?

Table I summarizes the results for significant
pairs of Met residues in each domain, giving in each
case the initial distance between the sulfur atoms,
and the identity of any mode that brings the sulfur
atoms within 5 A of each other, along with the clos-
est distance of approach in our simulations. In the
N-terminal domain, the pairing of residues Met36—
Met51 (Met(S)-Met(S) distance 4.97 A) which are
close in the 1CLL structure was neglected, and of
residues Met71-Met72, that are adjacent in
sequence. In the C-terminal domain, the pairing of
residues Met144—-Met145 was neglected as they are
adjacent in sequence; for the pair of residues
Met109-Met124, which are close in the native struc-
ture, multiple modes producing close approaches of
this pair were found. Table I summarizes the data
for simulations with and without calcium in the
structure at the energy cutoff of —3 kcal/mol used in
the rigidity analysis (results obtained at energy

PROTEIN SCIENCE ‘ VOL 21:1263-1279 1273
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Figure 3. (A) Native ESI spectrum of Ca-CaM:cisplatin = 1:2 reaction products. (B) Trypsin digested Ca-CaM:cisplatin = 1:2
complex, the inserts are platinum crosslinked species; (C) CAD spectrum of [CaM(107-126) + Pt + H]** species. The
observation of ag + Pt and y, + Pt ions indicates that cisplatin crosslinks Met109 and Met124 residues.

cutoffs —2 and —1 kcal/mol are summarized in Sup-
porting Information Table S-2). The holo-CaM (+Ca)
structure is slightly less flexible than the apo-CaM
(—Ca) structure; however, the residue pairings
observed are consistent for both —Ca and +Ca CaM
forms. The largest number of pairings was found at
a cutoff of —3 kcal/mol and simulations at smaller
cutoffs, when the protein is more rigid, have more
restricted motion and produce fewer pairings (Sup-
porting Information Table S-2a and b).

Mapping the binding sites of cisplatin to
Ca,-CaM by MS approaches

As summarized in Table I, the results obtained
from flexibility analysis suggest that cisplatin can
also crosslink Cay-CaM at multiple Met pairs. To
test the predictions obtained from flexibility analy-
sis experimentally, MS analysis of the products
from reactions of cisplatin with calcium-containing

1214 PROTEINSCIENCE.ORG

CaM was carried out. Figure 3(A) shows the mass
spectrum of reaction products of calcium-containing
CaM with cisplatin (Ca-CaM:cisplatin = 1:2) under
native spray conditions. Different calcium-binding
forms of CaM were observed, mainly CaM + 2Ca
and CaM + 4Ca. This is accounted for by the fact
that the C-terminal lobe has a 10-fold higher Ca®*-
binding affinity than the N-terminal lobe.*! More
importantly, calcium-bound CaM displaced all four
ligands from cisplatin, giving products such as CaM
+ Pt + 2Ca, CaM + 4Ca + Pt, and CaM + Pt +
Pt(NHj3) + 2Ca, which clearly indicates that cispla-
tin can also crosslink calcium-bound CaM. Subse-
quently, the Ca-CaM:cisplatin = 1:2 reaction prod-
ucts were further trypsin digested, and followed by
MS analysis. Figure 3(B) shows that spectra from
the trypsin-digested Ca-CaM:cisplatin = 1:2 sample
contain a number of Pt-modified species. A common
feature of the species shown in the insets of Figure

Cross-linking and Protein Flexibility



3(B), [CaM(107-126) + Pt + HP** at m/z 865,
[CaM(127-148) + Pt + HI*" at m/z 895, [CaM(107—
126) + Pt + CaM(127-148) + 3HI°" at m/z 1018,
and [CaM(38-74) + Pt + HI** at m/z 1067, is that
all the original ligands (NHs; and Cl) of cisplatin
have been displaced. This is attributable to the
trans-labilization effect of Met sulfur.*®> The loss of
two ammine ligands indicates that at least two Met
residues bind to one platinum atom in each case.
Therefore, cisplatin forms both interchain cross-
links CaM(107-126) and CaM(127-148) fragments,
and intrachain crosslinks CaM(38-74), CaM(107—
126), and CaM(127-148) fragments. To further
localize the crosslinking sites, the crosslinked spe-
cies were fragmented by CAD. As an example
shown in Figure 3(C), the observation of az; + Pt
and y, + Pt ions in the CAD spectrum of
[CaM(107-126) + Pt + HI®>" species suggests that
cisplatin intrachain crosslinks CaM(107-126) at
Met109 and Met124. Thus, cisplatin can crosslink
calcium-bound CaM at the same sites as to CaM,
namely, Met51-Met71/Met72, Met109-Met124,
Met109-Met144, and Metl144—-Metl145 (Table 1),
which is consistent with the prediction based on
the flexibility simulation results as summarized in
Table I.

As the flexibility analysis results indicate that
cisplatin might also crosslink Met36-Met72,
Met124-Met144, we then checked MS results to see
whether corresponding peaks had been detected. No
peaks corresponding to platinum crosslinking Met36
and Met72 were observed. Also, no fragment ions
indicating that cisplatin crosslinks Met124 and
Met144 were found in the tandem MS spectra of ei-
ther CaM(107-126) + Pt + CaM(127-148) or
CaM(107-126) + Pt + CaM(142-148) species. There
are several reasons for a theoretically possible cross-
link not being observed in MS, including its low in-
tensity, unfavorable ionization, and unsuitable pep-
tide length.

As Glu and Asp residues can also potentially co-
ordinate platinum, we carried out an additional
search for close approaches between the side-chain
carboxylate groups of residues Glul27 and Aspl129
with each other and with the Met sulfur atoms in
the C-terminal domain. The side chain carboxylate
group of Glul27 is brought within 5 A of the side-
chain sulfur atom of Metl144 by multiple flexible
modes, at all energy cutoffs studies, in both +Ca
and —Ca structures. In the simulations, Glul27 was
not observed to pair with Met145, and Asp129 not to
pair with either Met144 or Met145. The experimen-
tal observation of Pt-crosslinked CaM(127-148) frag-
ments can thus be explained by the formation of
Glu127-Pt-Met144 crosslinks as observed in the sim-
ulations. However, the formation of Aspl29-Pt—
Met145 crosslinks in this fragment cannot be
excluded. Therefore, overall, the crosslinking MS
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results of calcium-bound CaM are consistent with
the flexibility analysis of Cas-CaM.

Biological insights from crosslinking
experiments and flexibility analysis

Previously, Jarve and Aggarwal reported that the
treatment of rats with the anticancer drug cisplatin
can immunohistochemically reduce the level of the
Cay-CaM complex.*® In addition, an in vitro experi-
ment using an analogue of CaM, Mero—CaM-1,
showed that cis-diammine-diaquacisplatinum(Il), a
hydrolyzed form of cisplatin, inhibited the CaM con-
formational shift through a direct interaction with
the CaM molecule. The authors concluded that dis-
tention of the stomach was due to the inhibition of
neuronal nitric oxide synthase activation by a direct
interaction between the cisplatin and the calcium-
binding sites of the CaM molecule. However, our
previous results show that Met(S) residues are the
preferential cisplatin-binding sites rather than the
calcium-binding sites (mainly Glu(E) and Asp(D) res-
idues), although the binding of cisplatin to Glu and
Asp residues can occur when the molar ratios of cis-
platin to CaM are high.?2 Met residues in CaM play
an important role in its versatility and functions. It
has been widely reported that the oxidation of Met
residues (especially Metl44 and Met145) of CaM
decreases the ability of CaM to activate target pro-
teins owing to a large reduction in the conforma-
tional flexibility of the Met side chains. ***7 Met
residues account for nearly half the surface area of
the hydrophobic patches of Cays-CaM, and function
by providing a target-binding interface. As shown in
Figure 1(A), the binding of calcium exposes the
hydrophobic patches of Cay-CaM, which in general
moves Met residues further away from each other
compared to calcium-free CaM NMR structures.
However, the results of the flexibility simulation
suggest that the crosslinking of cisplatin to multiple
Met sites on CaM will trap the binding groove in a
closed state and prevent opening of the binding
interface [Fig. 1(B)], decreasing the ability of Cay-
CaM to recognize its target proteins.

Melittin-binding assay

To verify the hypothesis that the crosslinking in CaM
or Cay-CaM induced by cisplatin may decrease the
ability of CaM to recognize its target proteins, reac-
tion products of CaM and cisplatin (CaM:cisplatin =
1:2), and calcium-containing CaM with cisplatin (Ca-
CaM:cisplatin = 1:2) were further reacted with melit-
tin at a molar ratio of 1:1. Melittin is one of the most
potent inhibitors of CaM activity, and has been widely
used to evaluate the ability of CaM to recognize its
targets.*>*" Figure 4 shows MS spectra of melittin
reacting with Ca-CaM, (CaM:cisplatin = 1:2)-Ca (cal-
cium added to assist the recognition of melittin), and
Ca-CaM:cisplatin = 1:2 complexes. As shown in
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Figure 4. Native ESI spectra of protein complexes. (A) Ca-CaM:melittin = 1:1; (B) (CaM:cisplatin = 1:2)-Ca:melittin = 1:1; (C)

(Ca—-CaM:cisplatin = 1:2):melittin = 1:1.

Figure 4(A), the adduct Cas,-CaM-+melittin is the
major product from the cisplatin-free CaM reaction;
in addition, Cas-CaM also binds to melittin. On the
contrary, as shown in Figure 4(B), once CaM has
reacted with cisplatin, no peaks corresponding to Cay-
CaM-+melittin are detected when Ca®* is added sub-
sequently (with or without platinum, or different
numbers of calcium ions).The spectrum is dominated
by Pt-crosslinked CaM species; in addition, no cross-
linked species were detected with four calcium ions
bound. In comparison, for the case of calcium-bound
CaM [Fig. 4(C)], the spectrum was dominated by plat-
inum crosslinked CaM species; however, surprisingly,
a species corresponding to CaM + 4Ca + Pt + melit-
tin was observed (see the inset of Fig. 4(C)), which
suggests that calcium binding opens up the more
compact apo-CaM (calcium-free CaM) structure, as
shown in Figure 1(A), increasing the exposure of
hydrophobic target-binding surfaces in each of the
globular domains. Therefore, even Pt-crosslinked Cay-
CaM maintains an extended open structure, and thus
maintains to a certain extent the ability to recognize
its target, melittin. In contrast, the structures of cal-
cium-free CaM are more compact, the crosslinking
further closes the nonpolar groove. Therefore, addi-
tion of calcium ions after crosslinking cannot effec-
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tively change the structure of the Pt-crosslinked CaM
species, and thus Pt-crosslinked CaM loses its ability
to recognize its target.

Collectively, these results suggest that flexibility
is key to cisplatin crosslinking in CaM. The crosslink-
ing of cisplatin to apo-CaM or Ca-CaM can inhibit
the ability of CaM to recognize its target proteins. In
addition, the simulation of flexible motion can be a
very useful tool for predicting crosslinking pairs in
proteins and facilitating MS data analysis. In future
studies, it will likely be instructive to refine these
simulations here to further take account the fact that
protein crosslinking by cisplatin occurs in a stepwise
fashion on a time scale of minutes to hours. After the
initial adduct {Pt(NHg),Cl}" is formed with the pro-
tein, the charged cisplatin residue changes the local
forces, adding new attractive charge—charge and
charge—dipole interactions. Thus, these simulations
likely underestimate both the reaction rate and the
apparent distance over which cisplatin can crosslink
proteins. Nevertheless, these cost-effective simula-
tions can provide some structural and modal insight
into the approach distances available in these pro-
teins which helps to understand how crosslinking can
occur over larger distances than initially expected.
Ultimately, it is clear that such studies of platinated
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proteins in a proteomic context will become increas-
ingly important in the future as more platinum and
metal-based therapeutics become available.

Experimental Procedures

Materials

Bovine calmodulin (CaM), trypsin (TPCK treated
from bovine pancreas), melittin, calcium chloride
(CaCly), ammonium acetate (CH3COONH,), and am-
monium bicarbonate (NH4HCO3) were purchased
from Sigma (St. Louis, MO). HPLC grade of methanol,
acetic acid (HAc), and acetonitrile were obtained from
Fisher Scientific (Pittsburgh, PA). Cisplatin was syn-
thesized and characterized by a published method.*®

Reaction of CaM and Ca-CaM with cisplatin

In the previous study, all the reactions were carried
out in water.'®2? Here, to simulate a physiological
pH, all samples were reacted in 100 mM ammonium
acetate (pH 6.8). Calcium-containing CaM was
obtained by mixing a 500-uM apo-CaM solution with
a 50 mM CaCl, solution at a 1:10 volume ratio,
yielding a calcium:CaM molar ratio of 1000:1. Ca-
free CaM and Ca-containing CaM solutions were
then subsequently reacted with cisplatin in a 1:2
molar ratio. The samples were incubated at 37°C for
24 h. To remove free platinum complexes and desalt,
Amicon filters (MW cutoff = 3 kDa, Millipore, Wat-
ford, United Kingdom) were used at 13,000 rpm for
30 min at room temperature, and washed three
times with 200 pL. ammonium acetate (100 mM).

Reaction of Ca-CaM, apo-CaM-cisplatin
complexes, and Ca-CaM-cisplatin

complexes with mellitin

Ca-CaM, apo-CaM-—cisplatin complexes with calcium
added subsequently, and Ca-CaM-cisplatin adducts
from the above experiments were mixed with melit-
tin (1 mM) in 100 mM ammonium acetate at a molar
ratio of 1:1, to give a final concentration of 20 pM
for each reaction complex. The same sample desalt-
ing procedure as described above was applied.

Digestion

The samples were diluted to 20 pM with 50 mM
NH,HCO; (pH 7.8) and then subjected to trypsin
digestion at a protein to enzyme ratio of 40:1 (w/w) at
37°C for 4 h. As a control, 20 uM CaM without plati-
num reagents was digested under the same conditions.

FTICR MS

ESI-MS was performed on a Bruker solariX FTICR
mass spectrometer with an ESI source and a 12 T
actively shielded magnet. For native spray, the samples
were diluted to 2 pM with 100 mM ammonium acetate.
For normal ESI analysis, the samples were diluted to
0.4 WM with 50% MeOH-1% CH3COOH bulffer.
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Flexible motion simulations

Rapid simulations of flexible motion were carried
out by using a combination of protein rigidity analy-
sis,>* geometric modeling of flexible motion,®® and
elastic network modeling,>” as described in detail in
a recently developed method.?® The input is an all-
atom protein crystal structure. For Cays-CaM, the
1CLL crystal structure in the Protein Data Bank
(PDB) was used,?® with “REpuce” (a program for add-
ing hydrogens to a PDB molecular structure file)*°
to add hydrogens and PyMOL®® to renumber all
atoms.

Rigidity analysis

Rigidity analysis is carried out in floppy inclusions
and rigid substructure topography (FIrsT) using the
pebble-game algorithm, which matches degrees of
freedom against constraints to divide a molecular
framework into rigid and flexible regions.’®3° The
constraints included are covalent bonds, hydrophobic
tethers, and hydrogen bonds. Water molecules are
not explicitly included but the assignment of nonco-
valent constraints assumes a polar solvent because
of hydrophobic effects. The strength of hydrogen
bonds was estimated in FirsT using a Mayo poten-
tial®' based on donor-hydrogen—acceptor distance
and angles. The set of hydrogen bonds to include in
the analysis is selected using an energy cutoff value,
E.u. A rigidity dilution is carried out by gradually
lowering E.,; from a value of 0 (including even the
weakest hydrogen bonds) to a large negative value
that excludes all but the strongest hydrogen
bonds.?®* This provides information on the relative
rigidity and flexibility of different portions of the
structure, as in a recent study on the inhibition of
HIV-1 protease,®® and suggests values of E.y in a
physically relevant range to use in subsequent simu-
lations of flexible motion.

Coarse-grained elastic network modeling

in EINemo®

This uses a one-site-per-residue representation of
the protein structure, obtained from the PDB struc-
ture by selecting only the Co atom of each residue.
Springs of uniform strength are placed between all
pairs of sites lying within a distance cutoff, in this
case of 12 A. Diagonalization of the resulting matrix
generates a set of 3n elastic network modes (eigen-
vectors and frequency eigenvalues) for a protein
structure of n residues; here n = 144 (the terminal
residues 1-3 and residue 148 were not resolved in
the 1CLL crystal structure).

The Fropa

The Fropa, implemented within FIRST, models bonding
constraints in a molecular framework using a system
of templates.?®®® Motion is generated by a small
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perturbation (typically of order 0.01 A) of all atomic
positions followed by reimposition of the bonding and
steric constraints. To model flexible motion, an elastic
network mode eigenvector was used as a systematic
bias; the perturbation of the structure displaces all
the atoms of a given residue in the direction of
motion for that residue in the eigenvector. The pro-
cess is iterated to produce a large amplitude of
motion along the bias eigenvector while retaining
physically reasonable bonding and steric geometry.
Motions both parallel and antiparallel to the mode
eigenvector were explored by using positive (+) and
negative (—) biases. A trajectory of several thousand
conformations, generating motion over several Ang-
strom root-mean-square deviation, takes only a few
central processing unit minutes, allowing for the
rapid exploration of many modes.?3%°
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