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Calmodulin (CaM) is a Ca®" sensor that participates in several cellular sig-
naling cascades by interacting with various targets, including DNA. It has
been shown that Arabidopsis thaliana CaM7 (AtCaM?7) interacts with Z-box
DNA and functions as a transcription factor [Kushwaha R et al. (2008) Plant
Cell 20, 1747-1759; Abbas N et al. (2014) Plant Cell 26, 1036-1052]. The
crystal structure of AtCaM7, and a model of the AtCAM7-Z-box complex
suggest that Arg-127 determines the DNA-binding ability by forming crucial
interactions with the guanine base. We validated the model using biolayer
interferometry, which confirmed that AtCaM?7 interacts with Z-box DNA
with high affinity. In contrast, the AtCaM2/3/5 isoform does not show any
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binding, although it differs from AtCaM?7 by only a single residue.

Keywords: CaM; molecular modeling; protein crystallization; protein—
DNA interaction

Calmodulin (CaM) are ubiquitous eukaryotic proteins
that can bind to a variety of protein targets in response
to Ca’" signals. CaM plays essential role in Ca®" sig-
naling, regulating numerous intracellular processes such
as cell motility, growth, proliferation, and apoptosis [1].
CaM binds Ca®" ions using its helix-loop-helix (EF-
hand) structural motif, and this motif generally under-
goes large conformational changes upon Ca’” binding
[2]. In the Ca®"-loaded form, the CaM adopts stable
state, and each EF-hand opens so that its two alpha
helices become perpendicular to each other. In the
Ca?" -free (apo) form, CaM adopts a closed and flexible
state where EF-hand motifs are in closed conformation
[3-5]. In contrast to apo form, Ca®*-loaded CaM binds
to many (> 300) target proteins that regulates the
various biological processes [6-8].

CaM responds to a wide range of Ca>" concentra-
tions (107'% to 107®wm) in Ca’"-dependent signal
transduction, after binding of Ca’" to EF hand

Abbreviations
BLI, biolayer interferometry; CaM, calmodulin.

motifs, CaM can bind to different target proteins to
accomplish these physiological roles [9,10]. CaMs are
found to be involved in various signaling event and
these signaling are governed in Ca ™ >-dependent as well
as Ca’’-independent manners. In many cases these
signaling mechanisms have been elucidated on struc-
tural basis in from of protein—protein (CaM complex
with its target proteins) complex structures [11,12].
CaM can regulate basic helix-loop-helix transcription
factors where CaM inhibits DNA-protein interactions
by competing with the DNA-binding domains of the
basic helix-loop-helix proteins [13]. Helix-loop-helix
motifs, such as that in the EF-hand-containing protein
DREM, have been reported to interact with DNA
[14—-16]. Aside from interactions with various proteins,
CaM can also interact with DNA and serve as tran-
scription factors.

The A. thaliana genome contains seven CaM genes
that encode four protein isoforms: CaM1/CaM4,
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CaM2/3/5 (AtCaM2/3/5), CaMe6, and CaM?7
(AtCaM7). A. thaliana CaM7 (AtCaM7) has been
reported to be a transcriptional regulator that directly
interacts with promoters of light-inducible genes and
promotes photomorphogenesis. AtCaM7 has been
specifically shown to interact with Z/G-box of light-
regulated CAB1 and RBCS-1A minimal promoters
[17] and its other isoform, CaM2/3/5, does not interact
with the Z/G-box, although it is different from
AtCaM7 by a single residue (AtCaM7 has Arginine at
127th position, whereas AtCaM2/3/5 has Lysine).
Recently it has also been shown that AtCaM7 and the
transcription factor HYS directly interact with the
HYS5 promoter to mediate the transcriptional activity
of HYS during A. thaliana seedling development, and
hence promote photomorphogenesis [18]. While there
have been several reports related to CaM-target pro-
tein complexes and on their different modes of bind-
ing, there have been no published reports delineating
the mode of CaM-DNA interaction. Moreover, no
atomic structure of CaM in complex with DNA is
available. In this study, we are first time reporting the
crystal structure of A. thaliana CaM7 and its interac-
tion study with Z-box DNA by using biolayer interfer-
ometry (BLI) experiment. Based on the interaction
study, molecular dynamics simulation and molecular
modeling, we are proposing a theoretical complex
model of AtCaM7-Z-box DNA, hence providing for
the first time an explanation of how a CaM may bind
with DNA.

Materials and methods

Overexpression and purification of AtCaM?7

The plasmid containing Arabidopsis thaliana CaM7 was
transformed into E. coli BL21 (DE3) cells and protein was
overexpressed and purified as described previously [17].

Crystallization of AtCaM?7

The purified protein was concentrated to 20 mg-mL ™! in
50 mm Tris pH 8.0 buffer containing 10 mm CaCl,. Initial
crystallization trials were carried out by using the hanging
drop vapor diffusion method in 24-well plates with 2 pL of
protein solution mixed with an equal volume of precipitant
solution and equilibrated against 500 mL of precipitant
containing 60-65% MPD, 5 mm CaCl,, and 100 mm
sodium acetate buffer pH 3.9-4.3. Crystallization plates
were kept at 4 °C for equilibration. In initial trials, needle-
shaped crystals appeared after approximately 12 h of equi-
libration. Diffraction quality crystals were obtained in sub-
sequent trials by varying the protein concentration.
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Data collection, processing, and structure
determination

Crystals were soaked in cryoprotectant solution consisting
of 65% MPD, 5 mm CaCl,, and sodium acetate buffer pH
3.9. Single crystals were picked up in cryoloops and flash
cooled in liquid nitrogen. X-ray diffraction data were col-
lected at DBT BM-14 at ESRF. Crystal diffracted to a res-
olution of 2.2 A. Diffraction data were processed and
scaled using HKL-2000 [19]. The crystal belonged to space
group P2;2;2; with unit cell parameters a = 24.45,
b=6790, ¢=111.29 A. The initial structure was deter-
mined using molecular replacement with the MOLREP pro-
gram [20] using potato CaM [21] (PDB entry 1RFJ) as the
search model, as potato CaM has the highest sequence
identity with A. thaliana CaM7 among the known struc-
tures in PDB. Four calcium atoms not included in the
search model were identified in the subsequent electron
density map (both in Fo-Fc and 2Fo-Fc), and these atoms
correspond to the four EF-hands motifs of CaM and were
included in the refinement. The final structure was obtained
after iterative model building using the coot graphics pack-
age [22] and refinement was carried out using REFMACS soft-
ware [23] in the ccp4 suite. For this final model, the Ry
and Rpee are 19.0%, 23.8%, respectively. The structure has
good stereochemistry as indicated by the program PRro-
CHECK [24] with 97.6% of the residues lying in the most
favored regions of the Ramachandran plot. The refined
model of AtCaM7 and structure factors was deposited in
the Protein Data Bank under the accession code SA2H.
The data collection and final refinement statistics are shown
in Table 1.

Biolayer interferometry

To detect AtCaM7-Z-box interaction, biolayer interferome-
try (BLI) experiment was performed on fortbio octet K2
two-channel system. Both proteins AtCaM7 and AtCaM2/
3/5 were immobilized on Ni-coated biosensor tips, sensors
were prewet for 10 min before immobilization. Then, tips
were loaded with 20 pg of CaM7 and CaM2/3/5 for immo-
bilization, till each sensor capture level reaches up to
0.5 nm. Analyte (double-stranded Z-box DNA 5-ATCTAT
TCGTATACGTGTCACATCTATTCGTATACGTGTCA
C-3’) was diluted in the above-mentioned buffer, in various
concentration of 62.5, 125, 250, 500 nm. Then, association
(kon) and dissociation (kon) were monitored by dipping
the biosensors in various concentrations of Z-box DNA
samples, distributed in 96-microwell plates at a volume of
200 pL per well. Binding study was performed in buffer
containing HEPES pH 7.4, 0.02 tween20, and 1 mm CaCl,.
Signal changes from sensor tip loaded with ligand AtCaM?7
and AtCaM2/3/5 (Incubated with Z-box DNA analyte)
were subtracted with the reference data, binding of
AtCaM7 with Z-box DNA was shown as ‘nm’ shift.
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Table 1. Crystallographic data and refinement statistics.

X-ray source ESRF DBT BM-14

Wavelength (A) 0.977
Space group P2,2:2,
Unit cell parameter (A)

a 24.5

b 67.9

c 111.3
Rsym (%) 7.2 (19.9)
Completeness (%) 98.6 (94.2)
Total reflections 52934
Unique reflections 8910
Redundancy 5.9 (4.6)
Average /S 27.9 (6.8)
Crystal mosacity (°) 1.5
CC1/2 0.990 (0.962)
Refinement

Resolution (A) 50-2.2

R factor (%) 19.0 (27.0)

Free R factor (%) 23.8 (32.1)

Mean B factor (A?) 48.5

No. of atoms

Protein/Ca/water/MPD/ACT 1157/4/48/3/1

Bond length (A) 0.015

Bond angles (°) 1.66

Dihedral angles (°) 16.41

Cross validation error 0.214
Ramachandran plot statistics

Favored region (%) 91.7

Additional allowed region (%) 8.3

Generously allowed region (%) 0.0

Outliers (%) 0.0

Statistics for the highest resolution shell are given in parentheses.

Binding were summarized as KD which was calculated
from ‘KD = koff/kon’, where kon is the ‘dissociation or off
rate” and kon is the ‘association or on rate’. Data were pro-
cessed and analyzed using the ocTET data analysis software
version 7.0 (ForteBio, Menlo Park, CA, USA) by a global
fitting model assuming reversible binding and the experi-
ment was performed at 30 °C temperature.

Molecular dynamics simulations

The crystal structure of AtCaM7 was used as the starting
structure to obtain the AtCaM2/3/5 isoform using the
ROSETTA BACKRUB server [25]. The final structure was
selected on the basis of the lowest score (the first structure
in the assembly of the lowest energy conformers) sampled
by Monte Carlo simulated annealing using the Rosetta
all-atom force field.

To study the difference in the DNA-binding properties
of AtCaM7 and its isoforms (AtCaM2/3/5), both the sys-
tems were subjected to molecular dynamics simulations.
Lennard—Jones parameters of the Ca®" ions with a Vander
Waals radius R of 1.7131 A were obtained by xleap module
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of the AMBER suite [26] for simulation. AMBERff99SB force
field was used for the protein molecule. The input files for
energy minimization, dynamics, and analysis were prepared
with xleap. Both systems proteins were solvated using ato-
mistic TIP3P water in a box with edges at least 12 A from
the complex. All simulations were performed using the
AMBER molecular dynamics suite version 12. Energy mini-
mization was first conducted with the steepest descent
method and then switched to conjugate gradient every 500
steps for a total of 5000 steps with 0.1 kcal-(mol’l-A’z)
restraints on all atoms of the complexes. Following this
step, another two rounds of energy minimization were per-
formed by only restraining the protein and further releasing
all the restraints for 2000 steps of each round. Long-range
Coulombic interactions were handled using the particle
mesh Ewald (PME) summation. For the equilibration and
subsequent production runs, the SHAKE algorithm was
employed on all atoms covalently bonded to a hydrogen
atom, allowing for an integration time step of 2 fs. The sys-
tem was gently annealed from 0 to 300 K over a period of
500 ps using a Langevin thermostat with a coupling coeffi-
cient of 1.0 and 500 ps of density equilibration with weak
restraints. The system was again equilibrated for 5 ns with-
out any restraints. The production phase of the simulations
was run without any restraints for a total of 150 ns on each
system. Coordinates and energy values were collected every
1 ps throughout the simulations. Structural superimposi-
tions of average structures of AtCaM7 and AtCaM2/3/5
were performed using the rAPIDO server. The images were
prepared using Pymol [27].

Molecular docking simulations

The predicted structure of the AtCaM7-DNA complex was
obtained using a series of modeling protocols. In the first
step, the B-DNA (ATCTATTCGTATACGTGTCAC) was
built using 3D-Dart service and using the HADDOCK server
[28]. Furthermore, with the knowledge of the binding
regions Z-box of DNA and Argl27 of AtCaM?7 as the
interacting residue, molecular docking simulations were
performed using the HADDOCK WENMR GRID enabled dock-
ing server [29]. All HapDOCK runs were performed with
1000 structures for rigid body docking using backbone
rmsd cut-off for clustering equal to 10.0 A, and a mini-
mum cluster size equal to 10. The final model was than
further refined using FIREDOCK [30] and then subjected to
AMBER-based energy minimization using steepest decent
and conjugate gradient method. Prior to the mutational
analyses, both the AtCaM7 and DNA structures were
repaired with the FoLDx program [31] to remove potential
steric clashes. FoLDx utilizes an empirical force field model
to estimate the stability of a protein (AG wild-type in
kcal-mol™") and to estimate the free energy difference (sta-
bility change, expressed as AAG) upon mutagenesis from
wild-type for the mutations.
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Results

Overall structure of A. thaliana CaM7

Sequence alignment with various CaM suggests that
AtCaM7 shows maximum sequence homology with
Potato CaM (Fig. 1A). Structure of AtCaM7 was
solved by using structure of Potato CaM (PDB code
IRFJ) as a search model (discussed in detail in Materi-
als and methods section). A4. thaliana CaM7 crystal-
lized with one molecule per asymmetric unit, along
with four Ca®" ions, three MPD molecules and 48
water molecules. The final refined structure includes
147 residues and is similar to other CaM-like struc-
tures. It has a dumbbell-like structure consisting of an
N-terminal globular domain and a C-terminal globular
domain, connected by a long central alpha helix. Simi-
lar to other CaM molecules, AtCaM7 contains seven
a-helices, which are connected by loops that together
form four EF-hand motifs (Fig. 1A) and each EF-
hand motif is bound to one Ca?" ion. Each Ca®" is
coordinated five residues, with glutamate at 12th posi-
tion which provides two oxygen atoms for Ca®" coor-
dination (Fig. 1B). One water molecule is also
involved in each case to complete a pentagonal
bypyramidal coordination sphere.

Comparison with various CaM structure

Structural alignment of AtCaM7 suggest that it is very
similar to potato CaM [21] (PDB code 1RFJ) with an
rmsd of only 0.31 A. Minor differences were observed
at the C-terminal end, where Ca” " -binding loop region
of potato CaM forms a small antiparallel B-sheet,
whereas AtCaM7 forms loop (Fig. 2A). Structural
superposition with other CaM, Animal CaM (PDB
code 1UPS), C. elegans (PDB code 100J), and P. te-
traurelia  (PDB code 1EXR) [32-34] suggest that
AtCaM?7 structure deviates from these mentioned
CaM, as its rmsd value indicates (Table 2). Maximum
deviation was found with P. fetraurelia CaM followed
by animal CaM and C. elegans. These structural
differences occur due to difference in overall length
(extended conformation length) of the CaM and inter-
helical angles of each EF-hand motifs (Fig. 2B),
although overall fold remains same. Interhelical angle
comparison suggests that AtCaM7 EF-2 has more
open hydrophobic pocket with respect to other CaM’s
EF-2. The rest of three EF-hand motifs of AtCaM7
have almost similar open hydrophobic pockets in com-
parison with other CaM’s EF-hand motifs. Differences
in the interhelical angles of various CaM’s EF-hand
motifs are shown in Table 3. Solvent assessable area

S. Kumar et al.

was calculated using the pisa server [35] and it was
found that AtCaM7 structure has the highest solvent
assessable area of 9868.5 A? in comparison with other
CaM, mentioned above. Recently it has been shown
that MPD molecule is likely to favor more open con-
formations of the EF-hands in the crystal of CaM
[36]. This could be the reason of having high solvent-
assessable area in case of AtCaM7.

Arginine 127th of AtCaM7 is crucial residue for
interaction with Z-box (AtCaM7 interacts with
Z-box)

It was reported earlier that AtCaM?7 interacts with Z-
box of LRE and its other isoform CaM?2/3/5 fails to
show a similar result, although CaM2/3/5 is different
from AtCaM?7 by single a residue at position 127th
(AtCaM7 has arginine residue at 127th position,
whereas AtCaM2/3/5 has lysine) [17]. To further vali-
date the interaction of AtCaM?7 with Z-box DNA by
biophysical method, BLI experiment was carried out
using Z-box DNA with AtCaM7 and its isoform
AtCaM2/3/5. The result clearly indicate that AtCaM2/
3/5 did not interact with Z-box, as AtCaM2/3/5 sensor
tip did not show change in signal response, suggesting
that Z-box does not associate at AtCaM2/3/5 immobi-
lized sensor tip, hence not showing interaction
(Fig. 3A). However, AtCaM7 does interact with Z-box
of LRE and signal from CaM?7 sensor tip reaches up
to 0.13 nm at 500 nm concentration of Z-box with Kp
of 2.7 nm (Fig. 3B). Consistent with earlier reported
result of AtCaM7-Z-box DNA binding [17], our BLI
experiment also shows the same result as AtCaM7
found to interact with Z-box DNA and its isoforms
AtCaM?2/3/5 fail to interact. This result clearly sug-
gests that Argl27th is the crucial residue responsible
for the interaction between AtCaM7 and Z-box DNA.

Conformational sampling of AtCaM?7 and
AtCaM2/3/5

To explore the role of residue Argl27 in binding
DNA, we modeled the AtCaM2/3/5 isoform from the
crystal structure of AtCaM7 by using ROSETTA BACK-
RUB software [25]. Moreover, since CaM can adopt
multiple conformations and since this flexibility and
configurationally variability (i.e., the ability to alter
the orientation and distance between its two domains)
is also responsible for its diverse target recognition
[37], we sought to determine whether the ability of
AtCaM?7 to bind DNA is dependent on the conforma-
tional changes or is just due to the single residue
change. For this purpose, and to gain insight into the
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Fig. 1. Structural characterization of AtCaM7 (A) Sequence alignment of AtCaM7 with various CaM (Potato CaM, P. tetraurelia, C. elegans,
and Animal CaM). (B) Overall structure of calmodulin 7 from Arabidopsis thaliana. In the crystal, AtCaM7 forms a dumbbell-shaped
structure, consisting of two globular domains connected by a long central linker helix, similar to that seen in other calmodulin structures.
Each domain contains two EF-hand motifs, and binds two calcium ions. (C) Each one of the four calcium-binding (calcium is shown in green)
sites forms a pentagonal bipyramidal structure, where six calcium-coordinating oxygen atoms are from the protein and the 7th one is from

water is shown in red.

conformational changes, we performed two indepen-
dent Graphical Processing Unit (GPU)-based atomistic
molecular dynamics simulations of AtCaM7 and
AtCaM?2/3/5 isoform for 150 ns on each system and
captured snapshots at every 1 ps. The trajectories of
both of these MD simulations stabilized at higher

rmsds, because of the formation of a hinge in the cen-
tral helix that caused both molecules to form a rela-
tively compact structure. The o-carbon rmsd
calculated between the simulated structures and the
crystal (or crystal-derived) structures showed similar
trends for both AtCaM7 and AtCaM2/3/5. Besides
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N-terminal

Table 2. rmsd of Structural alignment of AtCaM7 with Calmodulin
from other organism.

Organism PDB code rmsd (A)
Potato CaM IRFJ 0.31
C. elegans 100J 1.48
Chicken 1UP5 2.54
P. tetraurelia 1EXR 3.06

Table 3. Comparison of interhelical angles of EF-hand motifs of
AtCaM7 with other CaM’s EF-hand motifs.

Organism PDB code EF-1 EF-2 EF-3 EF-4
A. thaliana 5A2H 46.2 60.1 45.6 48.0
P. tetraurelia 1EXR 452 54.3 47.9 50.4
C. elegans 100J 45.1 54.4 44.3 49.3
Chicken 1TUP5 44.4 52.1 48.6 51.0

differences during the multiple run, both the structures
converged and showed similar characteristics in terms
of the dynamics and folding (Fig. 4A,B). The residue
wise root mean square fluctuations analysis (RMSFs)
(Fig. 4C) showed that the major differences in the fluc-
tuations occurred in the N-terminal domain, whereas
fluctuations were almost similar in the C-terminal
domain. Moreover the RMSF is almost same at posi-
tion 127 suggesting that the movement or the struc-
tural changes in AtCAM?7 is predominant in the N
terminal. Furthermore, to understand the DNA bind-
ing, we calculated the solvent-accessible surface area
(SASA) from all the snapshots taken from the MD
trajectories of AtCaM7 and AtCaM2/3/5. The calcu-
lated SASA values of AtCaM7 and AtCaM2/3/5 from

S. Kumar et al.

N-terminal

Fig. 2. Structural comparison (A) Structural
comparison of AtCaM7 with potato
calmodulin (pink, TRFJ), indicating their
very similar structures. (B) Structure
alignment of AtCaM7 with calmodulin
from C. elegans (PDB code 100J, green
color) Animal (PDB code 1UP5, yellow
color) and P. tetraurelia (PDB code 1EXR,
violet color), represent structural
differences.

the last 50 ns were similar, at 9622.79 and 9861.74 A2
(Fig. 4D). The overall distribution of available accessi-
ble surface suggested that the AtCaM?7 is slightly more
accessible than the isoform AtCaM?2/3/5. Based on
these MD simulations, we can suggest that major con-
formational changes do not play a role in driving the
DNA binding. Hereby, suggesting that the difference
in the side chain at position 127 is the main determi-
nant of AtCaM7 to binds DNA.

AtCAM7-Z-box DNA complex model

It has been shown that AtCaM7 and Z-box DNA inter-
act with each other and its isoform AtCaM2/3/5 fails
to show same characteristics [17]. Molecular Dynamics
simulation study of AtCaM7 and AtCaM2/3/5 suggests
that both structures maintain a similar conformation
upon stabilization after simulations. The initial model
or the starting structure of the complex was obtained
using the HADDOCK server [29]. During the docking sim-
ulations Argl27 was considered as the active site resi-
due. Based on the cluster analysis with the highest
score a final pose was obtained and was further refine-
ment using the FIREDocK module. The receptor or the
AtCaM7 was docked in the major grove of the Z-box.
Interestingly, the final docking pose of AtCaM7-DNA
complex and this mode of binding resemble that of the
HTH motif-DNA complex structures [38]. The model
suggests that AtCaM7 and the Z-box DNA interact
with each other in a perpendicular manner. Helix7,
which is the part of EF-4 in AtCaM7 (contains the crit-
ical Argl27 residue) accommodated in the major
groove of Z-box (Fig. 5A). Argl27 may form hydrogen
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Fig. 3. Biolayer interferometry (A) Binding Curve of CaM2/3/5 with Z-box DNA represent DNA not binding with AtCaM2/3/5-immobilized
sensor chip as there is no change in interferometry pattern of AtCaM2/3/5-immobilized sensor tips at 500 nM concentration DNA. (B)
Binding Curve of AtCaM7 with Z-box DNA represents CaM7-Z-box interaction, interferometry shift reaches up to 0.15 nm at 500 nM

concentration of DNA.

bonds with either guanine 167 or 169, as these two gua-
nines are in close proximity to Argl27. Interaction of
arginine residue with guanine base is well supported by
several transcriptional factor-DNA complexes, which
shows that arginine has the highest expected ratio to
interact with guanine [39]. Aside from Argl27, other
residues that are expected to contribute in the binding
of the Z-box are Metl25 and Ilel126 that could form
hydrophobic interactions with a thymine base of 168 or
170.

Based on the docking scores and the interactions
observed in the AtCaM7-Z box model, one can sug-
gest that AtCaM?7 binds Z-box via Arg-127. This side-
ways interaction as seen with the best binding pose
may be required for AtCaM7 to be able to dissociate
readily from the Z-box so that it can also fulfill its
other downstream signaling roles. In the case of the
AtCaM?2/3/5, the docking score clearly suggests that it
likely does not bind with Z-box (Table 4). But to
prove it furthermore and to understand the structural
stability and binding affinity of the bound models of
DNA with AtCaM7 and AtCaM2/3/5 (which could
shed light to understand the structural basis of the
impairment of AtCaM2/3/5 binding), we computed the
stability (delta G) of the complex using the empirical
effective energy function of rFoLpx [40]. FOLDX was used
to calculate the changes in the binding affinity of the
Z-box to AtCaM7 and AtCaM2/3/5. From this model,
the energies associated with all interactions that were
formed or lost upon mutation were quantified and
used to calculate the predicted change in the native
thermodynamic stability (AAG total = AG AtCaM?2/3/
5 — AG AtCaM7). We found an overall positive
change in the AAG for AtCaM2/3/5, indicating that
AtCaM?2/3/5 is less stable along with Z-box (or if
when complex formed) and hence not able to hold

Z-box DNA. The overall change in terms of stability
of the (CaM7-Z box) complex when mutated to
AtCaM2/3/5 was 0.18 kcal-mol™' and the AAG was
calculated as 0.414 kcal-mol .

Discussion

We have determined the crystal structure of AtCaM7
to 2.2 A resolution. Structural analysis indicates that
AtCaM7 structure is very similar to other CaM struc-
tures, which have been reported so far. Structural
comparison with various CaM structure suggests that
AtCaM?7 shows minor differences in overall structure
although overall fold remains the same. Bio layer
interferometry study confirms that AtCaM?7 interacts
with Z-box DNA and Argl27th is the crucial residue
for this interaction. While there are several reports
indicating that Lys can also interact with DNA [41],
Lys127-substituted isoforms AtCaM?2/3/5 of this case
could not interact with Z-box. The molecular dynam-
ics simulations suggest that, compared to Lysl27,
Argl27 can adopt a more favorable, extended confor-
mation, and be able to ‘hold onto’ the DNA. The
extended Argl27 side chain can interact relatively clo-
sely with guanine of the Z-box, while the lysine either
cannot reach so far or adopts conformations that place
it away from the guanine (Fig. 5B). Due to these
structural differences between the arginine and lysine,
we expect that this favorable state of Argl27 is respon-
sible for the AtCaM7-Z-box association. We also
expect Argl27 to interact with a thymine base, which
is located next to the guanine base with stacking and
hydrophobic interactions. The arginine residue, with
its guanidinium group, is superior to lysine for interac-
tion with the guanine base: the guanidinium group has
a planar structure, which can also stack on other
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Fig. 4. Molecular dynamics simulations of the AtCaM7 structure and of the CaM-AtCaM2/3/5 model. (A) Protein backbone rmsds of the
AtCaM7 crystal structure from two simulation runs of 150 ns each. (B) Protein backbone rmsds between the AtCaM2/3/5 model to two
simulation runs of 150 ns each. (C) Root mean square fluctuations from the multiple molecular dynamics (MMD) simulation run of AtCaM7
and AtCaM2/3/5 for every residue. The secondary structures as well as the sequence of AtCaM7 are shown at the top of the plot. (D)
Computed solvent-accessible surface area (SASA) of AtCaM7 and AtCaM2/3/5 from the MMD simulation runs. (E) Superposition of average
structure of AtCaM7 and AtCaM2/3/5 extracted from the MMD Simulation trajectory.

bases, whereas lysine has only one amino group, allow-
ing interaction only in one direction [42]. This specific
property of arginine allows it to form more hydrogen
bonds, salt bridges, and other electrostatic interactions
than lysine can. In addition to this geometric effect, the
ionic interactions formed by arginine are often more
stable than those that are formed by lysine, particularly
under alkaline pH, due to the higher pKa of arginine
than of lysine [42]. We expect that such advantages of
arginine relative to lysine, causes AtCaM?7 to be able to
interact with the Z-box DNA.

3036

The energetically minimized complex model of
AtCaM7-Z-box indicates a possible conformation/
mode of interaction between AtCaM7 and the Z-box
DNA. In which they are oriented perpendicularly to
one another and AtCaM7 adopt extended conforma-
tion. After simulations the CaM7 adopts bent struc-
ture where N- and C-terminal domains move closer.
Even this conformation can also bind to DNA with C-
terminal domain, as there were no changes seen in C-
terminal domain in simulations. The Ca’"-defective
mutants of AtCaM7 fail to bind with DNA, even if
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Fig. 5. Molecular docking simulations of
AtCaM7 and AtCaM2/3/5 with DNA. (A)
The model was obtained after performing
HApDOCK-based docking simulations on
AtCaM7 with DNA-containing Z-box. The
zoomed inset clearly shows Arg127
interacting with a guanine of the DNA. (B)
Complex Model of AtCaM2/3/5 with DNA.
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Table 4. Docking scores obtained from Habbock server for AtCaM7 — Z-box DNA and AtCaM2/3/5 — Z-box DNA.

Docking parameters AtCaM7 AtCaM2/3/5
Happock score (kcal-mol ™) ~156.5 + 13.7 789 +25
Cluster size (no. of clusters) 10 10

rmsd from the overall lowest-energy structure (A) 0.3 +0.2 0.3 +0.2
Van der Waals energy (kcal-mol™") -21.1+£19 -103 +1.2
Electrostatic energy (kcal-mol™") —389.7 + 26.4 -29+70
Desolvation energy (kcal-mol~") 41 +£55 16.7 + 2.1
Restraints violation energy (kcal-mol™") 95.1 + 26.03 730.7 £ 3.15
Buried surface area (A?) 319.7 + 23.7 329.7 + 27.7

only EF-3 was mutated and also similar results were
obtained when EF-1 and EF-3, both were mutated
[17]. We therefore expect that removal of Ca>" from
EF3 or EF-1 would disrupt the structural integrity of
the CaM, hence DNA binding [17]. Moreover, previ-
ous molecular dynamics simulation indicated that
removal of even a single Ca’" ion could induce
unfolding of CaM, and hence the overall structure
adopts a closed conformation [2]. Therefore, we expect
that mutation of even a single EF-hand motif is suffi-
cient to change the conformation of CaM, and when
done in the C-terminal domain would abolish struc-
tural integrity of the C-terminal domain and thus the

DNA interactions [17]. There are few structures
reported (PDB code 4DCK, 4DJC, 4E53, and 4E50)
where CaM is observed in extended conformation after
binding with its target molecules [11,43,44]. These ear-
lier reported studies suggest our model that AtCaM7
possibly adopts extended conformation for binding
with Z-box DNA or AtCaM?7 can also form compact
structure after binding to DNA. Based on the BLI
interaction data, molecular dynamics, and docking
study, we propose that R127 of AtCaM?7 is A crucial
residue for Z-box DNA binding, whereas K-127 of
AtCaM2/3/5 lacks such a bidentate side chain and
hence fails to bind the DNA.
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