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Abstract

The anti-psychotic drug trifluoperazine (TFP) is an antagonist observed to bind to calcium-
saturated calmodulin ((Ca2*)4-CaM) at ratios of 1:1 (1CTR), 2:1 (LA29), and 4:1 (1LIN). Each
structure contains one TFP bound in the hydrophobic cleft of the C-domain of CaM. However, the
orientation of the trifluoromethyl (CF3) moiety differs among them: it is buried in the C-domain
cleft of 1A29 and 1LIN, but protrudes from 1CTR. We report a 2.0 A resolution crystallographic
structure (4RJD) of TFP bound to the (Ca2*)-saturated C-domain of CaM (CaMc). The
asymmetric unit contains two molecules of (Ca?*),-CaMc. Chain backbones were nearly identical,
but the orientation of TFP in the cleft of chain A matched 1A29/1LIN, while TFP bound to chain
B matched 1CTR. This was accommodated by a flip of the M144 sidechain and small changes in
sidechains of M109 and M145. Docking simulations suggested that the rotamer conformation of
M144 determined the orientation of TFP within the cleft of (Ca%*),-CaMc. Chains A and B show
that the open cleft of (Ca2*),-CaMc is promiscuous in accepting TFP in reversed directions under
the same crystallization conditions. Observing multiple orientations of an antagonist bound to a
single protein highlights the challenge of designing highly specific pharmaceuticals, and may have
importance for QSAR of other CF3-containing drugs such as fluoxetine (anti-depressant) or
efavirenz (reverse transcriptase inhibitor). This study emphasizes that a single structure of a
complex represents an energetically accessible state, but does not necessarily show the full range
of energetically equivalent states.
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Introduction

Calmodulin (CaM) is an essential eukaryotic protein critical to many calcium-mediated
signal transduction pathways. It is small (148 a.a.), highly acidic (pl of 4) and comprised of
two homologous 4-helix bundle domains (N and C) that are connected by a flexible
linker.1:2 Each domain binds two calcium ions cooperatively in paired EF-Hand motifs3, and
there are anti-cooperative interactions between domains.4=6 Fluctuations in calcium levels
are linked to many intracellular events by effects on CaM. When saturated with calcium
ions, each domain of CaM adopts an “open” tertiary conformation that exposes a
hydrophobic cleft that binds protein targets (e.g., CaM kinase Il (CaMKII), or myosin light
chain kinase (MLCK)),’~10 resulting in calcium-dependent regulation of their activity.11 The
calcium-binding affinity of domains of CaM may be enhanced or diminished by binding to
protein targets,12:13 allowing CaM to regulate temporally and spatially distinct cellular
processes at different calcium concentrations.

In addition to interacting with naturally occurring protein targets, (Ca2*),—~CaM also binds
drugs such as trifluoperazine (TFP) (Fig. 1A). TFP is a first-generation antipsychotic drug in
the phenothiazine class that is primarily used in the treatment of schizophrenia and related
mental disorders.1415 |n vitro studies have shown TFP to be a CaM antagonist that acts by
disrupting the association of CaM with its protein targets.16:17 Prior studies have focused on
the stoichiometry of TFP binding, as well as its effect upon the calcium-binding affinity of
CaM.18.19 We have previously shown that the stoichiometry of TFP binding to CaM is
linked to its calcium-ligation state: two TFP bind to apo CaM while four bind to (Ca2*)4-
Cam.19

When associated with intracellular protein targets such as metabolic enzymes, cyclases,
kinases, phosphatases, and receptors, the canonical conformation of (Ca2*)4-CaM is
compact and ellipsoidal.2%-22 A similar conformation has been observed in three structures
of (Ca2*)4-CaM-TFP complexes that were determined by crystallography. In these, 1
(1CTR23), 2 (1A29%4) or 4 (1LINZ5) molecules of TFP are bound to (Ca?*),-CaM; they each
have a TFP-binding site in the cleft of the C-domain, but only one structure (LLIN25) has a
TFP-binding site in the N-domain. Our earlier comparison of the chemical exchange
behavior of the N- and C-domain of (Ca2*),-CaM upon binding TFP indicated that TFP
binds with a higher affinity to the C-domain of (Ca%*),-CaM than it does to the N-domain.1®
This is consistent with the structure 1CTR having TFP bound only to the C-domain of CaM.

Superposition of the a-carbon atoms of these three TFP/(Ca2+);-CaM complexes had an
RMSD of only 0.7 A (Fig. 1A), indicating that their backbone conformations are identical.
However, examination of the apparently shared TFP-binding site in all three structures
shows that the orientation of the trifluoromethyl (CF3) group of TFP in this site differs (Fig.
1B). In two cases (LA29 and 1LIN), it is buried in the hydrophobic pocket of the C-domain,
while in the other (1CTR), it does not contact the pocket, but rather protrudes from it.

To gain further insight into the solutes or crystallographic factors that might determine
orientation and stoichiometry of TFP in the hydrophobic cleft of the C-domain of CaM, we
undertook structural studies of TFP bound to a calcium-saturated C-domain fragment of
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mammalian CaM (residues 76-148 of (Ca2*),-CaM, hereafter referred to as (Ca2*),-CaMc).
Surprisingly, two opposite orientations of TFP were observed simultaneously in a single
asymmetric unit containing two (Ca2*),-CaMc chains.

Results and Discussion
Structures of TFP-(Ca2"),-CaMc¢

The asymmetric unit of 4RJD contains 2 (Ca%*),-CaMc molecules (chains A and B) with a
total of 4 TFP molecules: one in the hydrophaobic cleft of each CaM¢ chain, and two
bridging them. In Fig. 1C, for illustration, the TFP molecules are numbered from left to
right. Only two TFP molecules (1 and 4) associate closely with the hydrophobic pocket of
chains A and B of (Ca%*),-CaMc (Fig. 1D, Supp. Fig. 1). This array is similar to that
observed in the 4:1 TFP/(Ca2*),-CaM structure (1LIN2%). However, the independent C-
domain chains in 4RJD are rotated 180° relative to each other, compared to the N- and C-
domains of CaM in 1LIN.

Comparison of TFP bound to chains A and B of (CaZ*),-CaMc¢

The 2Fo-Fc electron density map?® at 1o contour level in 4RJD before the ligands were
modelled in as shown in Fig. 1D clearly indicates that the CF3 group of TFP molecules 1
and 4 occupy orientations that are reversed relative to each other. In Fig. 2A, a surface
representation illustrates how the CF3 group is inserted into the hydrophobic pocket (Fig.
2A) or protrudes out (Fig. 2B) of CaMc. The orientation of the CF3 group of TFP in chain A
is similar to that in the 1:1 structure of TFP bound C-domain of (Ca2*)4-CaM (1CTR.pdb?23),
whereas the orientation of the CF3 group of TFP in chain B is similar to that in the 4:1
structure of TFP bound to the C-domain of (Ca2*)4-CaM (1LIN.pdb2°). Superpositions of
the backbone a-carbon atoms of (i) chain A of (Ca2*),-CaM¢ with 1CTR.pdb and (ii) chain
B of (Ca2*),-CaMc with 1LIN.pdb indicated that they each had an RMSD < 0.6 A (Fig.
2B).

These differences are identical to those observed when superimposing the backbone a-
carbon atoms of all three previous structures of (Ca2*)4-CaM-TFP (RMSD = 0.7 A; Fig.
1A), and are similar to that observed when superimposing the backbone a-carbon atoms of
chains A and B of (Ca2*),-CaM¢ bound to TFP (RMSD = 0.43 A; Fig. 1C). These results
seen in a single structure provide evidence that the differences in the orientation of the CF3
group of TFP bound to the cleft of CaM¢ observed in previous structures are more likely
due to the intrinsic flexibility of some key residues in the binding pocket of CaM, than
differences in experimental conditions or improperly assigned electron density as had been
suggested.23:24.27 Rather, each of the three previously determined structures of TFP/(CaZ*),-
CaM captured one of the multiple orientations that TFP may occupy within the malleable
hydrophobic pocket of the C-domain.

Methionines Surrounding TFP

To explore the molecular determinants governing the orientation of TFP in the hydrophobic
pocket of CaMc, sidechain conformations were compared after alignment of backbones
(Fig. 2C). Positions of sidechaines of some surface residues varied, but most sidechains
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within 4 A of the common TFP-binding sites were identical. The comparison of sidechain
orientations is highlighted in Fig. 2D in an all-atom morph between chains A and B
generated by the Yale Morph Server?® and visualized with PyMOL.2? In Fig. 2E, an
electrostatic potential surface of chain A calculated by PyMol highlights the hydrophobic
cleft (white) and acidic exterior (red) of CaM which has an isoelectric point close to 4.

Within the TFP-binding site of each CaMc, the most significant difference between chain A
and B was the orientation of the sidechain of M144, which adopted differing rotamer
conformations in response to the orientation of the CF3 group of TFP (Fig. 2F). Two
additional methionine residues, M109 and M145, also adopted alternative conformations,
but with a much smaller difference between chains A and B.

Early studies of CaM-target interactions demonstrated the importance of methionine
residues in the hydrophobic pockets of CaM for variability of target binding.30 Features of
methionine that contribute to its significance in allowing CaM to recognize many targets and
drugs include (a) minimal enthalpic discrimination among the possible c3 torsion angles
(providing energetic freedom to conform to variable target binding surfaces), and (b) the
unusually large polarizability of its sulfur atom (providing a source for London dispersion
forces that could make substantial contributions to the attraction of non-polar groups).3!

Computational docking of TFP to (Ca2*),-CaMc¢

Because protein crystallization favors observation of molecules in low energy conformations
that form an ordered crystal lattice, the appearance of two orientations of TFP in 4RJD
suggests that they have similar binding affinities for (Ca2*),-CaMc. If one conformation had
a significantly more favorable energy than the other, it would be expected to dominate the
population. To explore the predicted free energies of binding, and whether the sidechain
rotamer conformation of M144 is sufficient to select the experimentally observed
orientations of the CF3 group of TFP, the binding of TFP to chains A and B of 4RJD was
simulated using AutoDock Vina.32

The results showed that AutoDock Vina correctly predicted the CF3 group orientation of
TFP in chain A for 90% of the 10 lowest energy models (i.e., those with the most favorable
free energies), while a 70% success rate was seen for chain B. In Fig. 2G, the CF3 group of
these 10 best energy models are depicted as spheres and overlaid upon (Ca2*),-CaMc. The
free energies obtained for these models of TFP binding to chain A ranged from —7.2 to —6.9
kcal/mol, while a range of —7.8 to —7.2 kcal/mol was observed for TFP binding to chain B.
These values were similar to our previously reported docking simulations of TFP binding to
the C-domain of (Ca2*)4-CaM.1® These computations are consistent with the two observed
conformations of TFP binding to the hydrophobic cleft of (Ca*),-CaMc being energetically
similar, but not identical. To definitively resolve this conclusion, it would be critical to
determine relative binding affinity with solution-based titration method that could
distinguish these alternate conformations.
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Methionine-Based Selectivity

There are four Met residues in the hydrophobic pocket of (Ca?*),-CaMc. Degrado and
colleagues dubbed these “methionine puddles”.3% NMR studies by the Wand laboratory
showed that the sidechain dynamics of residues in the hydrophobic pockets of (Ca2*),-CaM
change from having unusually high mobility in free CaM to having dramatic perturbations in
flexibility when bound to a peptide derived from a target (e.g. SmMLCK).33 Residue M124
becomes unpredictably more rigid than in free CaM, while the mobility of others (M109,
M144 and M145) remained relatively high and unchanged.33 Other studies of sidechain
methyl dynamics indicated that M144 is highly dynamic with respect to the other Met
residues in CaM.34:3%

The general importance of M144 in CaM recognition of target proteins was highlighted in a
comparative studies of compact CaM-drug or CaM-peptide complexes that revealed a tetrad
of residues (F92, L105, M124, M144) in CaM termed the FLMM motif that consistently
contacted the ligand in all complexes examined.36:37 Of these four residues, the sidechain of
M144 was the most variable in the conformation it adopted when interacting with the
hydrophobic anchor residue of the ligand. Functional studies of CaM have also highlighted
the importance of M144, showing that it was selectively photolabeled upon addition of two
putative CaM-binding domain peptides, Bpa-3 and smMLCK-Bpa,38 and oxidation of M144
was shown to block activation of plasma membrane Ca-ATPase.3° Together, these studies
demonstrate the significance of M144 in target binding and highlight the dynamic nature of
this residue that allows for multiple modes of TFP binding to (Ca?*),-CaMc.

TFP Binding to Other EF-Hand Proteins

Prior studies of TFP binding to the EF-hand domains of CaM had shown a single
conformation of TFP bound to each domain. An example of differential binding of TFP to
another EF-hand protein was observed in the crystallographic structure of a Ca?*-S100A4-
TFP complex (3K00.pdb9). Like CaM, members of the S100 family of proteins consist of
two EF-hand Ca2*-binding motifs, and calcium binding to the C-terminal EF-hand causes a
conformational change that exposes a hydrophobic cleft to which myosin-11A binds. TFP
binding to S100A4 inhibits its ability to depolymerize myosin-I1A filaments. TFP-binding
induces the assembly of 5 TFP/Ca2*-S100A4 dimers into a pentameric ring via interactions
between 2 TFP molecules. As in the structure of the C-domain of CaM reported here, two
independent copies of the pentamer were observed in the asymmetric unit and the
orientation of the two TFP molecules in the S100A4 binding sites of each pentamer were
different.*0 This serves as another example of the promiscuity of TFP binding to
hydrophobic binding pockets in proteins and emphasizes the importance of obtaining
equilibrium binding data, in conjunction with structures, to fully understand the antagonistic
effect of TFP on protein function.

Closing Summary

In this 2.0 A resolution study of TFP bound to (Ca2*)4-CaMc, there were 2 (Ca2*)4-CaM¢
and 4 TFP molecules observed per asymmetric unit (Fig. 1C). However, this does not appear
to be a dimer; there was no protein-protein interface observed. Comparison of the
hydrophobic pockets of chains A and B of (Ca%*),-CaMc illustrated that the CF3 group of

Proteins. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Feldkamp et al.

Page 6

the TFP bound in the cleft of chain A was buried, but protruded from the cleft of chain B.
This suggests that the differences in orientation of the TFP molecules observed in the
previous crystallographic structures may not be attributable to differences in experimental
conditions such as crystal growth or salts, but instead illustrate the gymnastic proclivities of
methionine residues lining the clefts of (Ca2*),-CaM such that they can accommodate TFP
in multiple orientations within “the” hydrophobic pocket. In fact, this pocket is more like a
beanbag chair resting on a hard frame. This study emphasizes the need for future studies of
dynamics and binding to provide deeper understanding of both the entropic and enthalpic
components of the antagonistic effects of TFP on the functions of CaM.

The value of CF3 in medicinal chemistry was recognized long ago as a tool for rigidifying
compounds and helping them cross the blood-brain barrier! Given the pharmacological
significance of fluorinated ligands in protein binding and interaction2; and the growing use
of CF3 moieties in drug discovery efforts*3, future studies examining the interaction of the
drug Perazine (TFP-analog lacking CF3) will help to uncover the role of the CF3 group in
CaM recognition of TFP.

Materials and Methods

Protein Overexpression

IPTG-induced over-expression of mammalian CaM¢ (residues 76-148) was performed
using transformed E. coli BL21(DES3) cells containing the recombinant pT7-7 vector
expressing the C-domain of Rattus norvegicus CaM.** CaMc¢ was overexpressed in Luria-
Bertani broth, and purified as previously described.> The recombinant CaM¢ was 97-99%
pure as judged by silver-stained SDS-PAGE gels and reversed phase HPLC. Protein
concentration was determined by UV spectroscopy of CaMc denatured with NaOH%6 or
native at pH 7.4.3

Crystallization of TFP Bound (Ca2*),-CaMc¢

Crystallization of TFP with (Ca2*),-CaM¢ was performed by adding a 10-fold molar excess
of TFP (Sigma-Aldrich, St. Louis, MO) to 500 nL of ~10 mg/ml (Ca2*),-CaMc in 50 mM
HEPES, 100 mM KCI, 1 mM MgCl,, 5mM NTA, 50uM EGTA, pH 7.4, with 500 nL of 200
mM potassium thiocyanate, 20% polyethylene glycol 3350, pH 6.6 (solution PEG 62
Qiagen) as a hanging drop. The tray was incubated at 15° C for ~8 months, at which time a
single rod-shaped crystal was observed. The crystal was cryo-protected with mother liquor
containing 20% ethylene glycol prior to being flash-cooled at 100 K. Data were collected on
this crystal at 100 K at the 4.2.2 synchrotron beamline at the Advanced Light Source at the
Ernest Orlando Lawrence Berkeley National Laboratory, with a 150 mm crystal-to-detector
distance. The program d*TREK was used to reduce and scale the data.#’

The monoclinic crystal diffracted to a resolution of 2.0 A and was of the space group P21.
Molecular replacement was performed using the extracted C-domain of TFP bound (Ca2*),-
CaM (1LIN.pdb) with the program Phaser.*8 TFP and calcium ions were removed from the
coordinate template prior to use in molecular replacement. Refinement was performed using
the program Refmac5 of the CCP4 program suite?® and Phenix.>? Coot®! was used for
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molecular visualization and model building. Calcium ions and TFP were modeled into
clearly visible electron density: water molecules were finally added to the structure using
Coot, followed by cycles of manual editing and refinement. Data collection and refinement
statistics are reported in Table 1. Structure validation was performed with the RCSB PDB
Data Validation and Deposition Services 52:53 and Molprobity>4:55

Computational Modeling of TFP Binding

AutoDock Vina 1.0.332 was used to simulate the binding of a single molecule of TFP to
either chain A or B after all TFP had been removed. A cubic (18 A3) search space with
implicit water was centered within the hydrophobic cavity of each chain for docking of TFP.
The exhaustiveness parameter was 128.

Coordinates

Atomic coordinates and structure factors of the TFP: (Ca2*),-CaM¢ complex were deposited
at the Protein Data Bank with accession number 4RJD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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1CTR(1:1), 1A29 (2:1), 1LIN (4:1)
RMSD =0.7 A

Chain A

Figure 1.
A: Structures of TFP bound at a common C-domain site of (Ca?*),-CaMj_14g and chemical

structure of TFP. Superimposed structures of the a-carbon backbone atoms of TFP bound to
the C-domain (red) of (Ca%*)s-CaM;_14g (N-domain not shown), with calcium ions (yellow
spheres), and TFP (sticks) colored green, purple and brown corresponding to structures of
TFP bound to (Ca?*),-CaMj_14g at ratios of 1:1 (1CTR.pdb?23), 2:1 (1A29.pdb?4), and 4:1
(1LIN.pdb25), respectively. Inset box shows the chemical structure of TFP highlighting the
position of the CF3 moiety.

B: (Ca2*);-CaM residues involved in TFP binding at a common site in (Ca?*)4-CaM1_j4g.
Position of sidechain atoms of (Ca2*)4-CaM residues within 4A of the common TFP binding
site in TFP/(Ca2*)4-CaM1_14g complexes superimposed on the basis of their a-carbon
backbone atoms are shown in light green (1:1), light purple (2:1), and light brown (4:1)
sticks. TFP is shown in transparent sticks where the position of the CF3 group in the 1:1,
2:1, and 4:1 structures has been highlighted to depict the 180° flip in TFP orientation.

C: Structure of TFP bound (Ca2*),-CaMc. On top, chain A (red) and chain B (orange) are
shown as ribbons inside of their transparent molecular surfaces; calcium ions (yellow
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spheres), and TFP (sticks) are highlighted. On bottom, the a-carbon backbone atoms of
chains A and B are superimposed to illustrate the similarity in their backbone
conformations.

D: Location and 2Fo-Fc electron density map of TFP molecules bound to (Ca2*),-CaMc at
1o contour level. On top, (Ca2*),-CaMc is shown in light gray ribbons, calcium ions are
shown as light yellow spheres, and TFP (green, magenta, light blue, and pink) arrayed
between chain A and B are shown as sticks inside of spheres displaying the van der Waals
radii of each TFP atom. Shown below are TFP molecules 1 through 4 fit into their
corresponding 1o 2Fo-Fc electron density maps.
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-107.808 107.808

Figure 2.
A: Surface representation of (Ca2*),-CaMc with bound TFP. Area representing residues

within 4A of either TFP-3 (green) bound to chain A (red) or TFP-1 (magenta) bound to
chain B (orange) are colored black. The fluorine atoms of the CF3 groups of TFP are shown
as spheres to highlight the 180° rotation of TFP bound to chain A vs. chain B.

B: Comparison of TFP bound within the hydrophobic pocket of (Ca2*),-CaMc and (Ca?*)4-
CaM. On left, a-carbon backbone atoms of chain A (red) were superimposed with the C-
domain of the 1:1 TFP/(Ca2*),-CaM complex in 1CTR (cyan). On right, a-carbon backbone
atoms of chain B (orange) were superimposed with the C-domain of the 4:1 TFP/(Ca?*),-
CaM complex in 1LIN (light green). TFP are shown as green (chain A), magenta (chain B),
yellow (1:1), and cyan (4:1) sticks. Calcium ions are represented as yellow spheres.

C: Comparison of (Ca%*),-CaMyg_14g TFP binding sites in clefts of chain A and B. The a-
carbon backbone atoms of chain A (red) were superimposed with those of chain B (orange).
Sidechain atoms within 4A of the corresponding TFP binding site are shown as sticks, with
M144 colored green (chain A) and magenta (chain B). Calcium ions are represented as
yellow spheres.
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D: A morph between chain A (blue) and B (red) generated by the Yale Morph ServerZ® and
illustrated using PyMOL2°. Calcium ions shown as yellow spheres having 60% VDW
radius.

E: The local protein contacts potential of chain A was generated using PyMOL.

F: Comparison of sidechain rotamer conformations adopted by M144 in (Ca%*),-CaMc¢
chain A (top) and B (bottom) in relation to TFP 1 (green) and TFP 4 (magenta); van der
Waals radii of each atom are represented as spheres.

G: Docking simulations of TFP binding to (Ca?*),-CaMyg_145 using Autodock Vina 32.
Chains A (red) and B (orange) of (Ca2*),-CaMc are shown as ribbons. The experimentally
observed positions of TFP in each chain are shown in green (chain A) and magenta (chain
B). The 10 lowest energy positions of TFP are shown in transparent sticks; fluorine atoms of
the CF3 group are blue spheres.
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Table 1

Data Collection and Refinement Statistics

Data collection
Space group
Unit cell dimensions (A)
a By ()
Number of molecules in the unit cell
Resolution range (A)
Total number of measured reflections
Number of unique reflections
Number of reflections for Rfree
Completeness of data (%)
*Rsym (%)
1o (1)
Redundancy
Refinement
*Reryst (%)
Réree (%) (5% data)
Number of atoms
Protein atoms
Ca?*
TFP
H,0
SCN
1PE
OXL
Cl
RMSD deviation from ideal geometry
RMSD in bond lengths (A)
RMSD in bond angles (°)
RMSD in dihedral angles (°)
Planarity (°)
Chirality (°)
Ramachandran plot (% residues)
Most Favored
Allowed
Disallowed
Average B—factor (A2?)
Overall
Main chain atoms
Side chains and water molecules

Wilson Plot
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P1211
a=24.61,b=85.64,c=3534
90.0, 93.0, 90.0

4

27.23-2.0(2.28-2.0)

9903

8955 (1367)

426

(90.5/94.9)

2.9(11.8)

24.0 8.1)

3.0(3.0)

18.1
253
1292
1040

112
80

16

0.010

1.452
20.088
0.004
0.049
98.44
1.56

31.9
27.1
35.3
21.0
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Ca2*
TFP

HOH

1PE

SCN

OXL

Cl

PDB Code

20.3
45.7
31.4
50.5
31.7
337
40.1
4RID

Values in parentheses correspond to the values in the highest resolution shell.
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