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We  carry out  a computational  study  of a  calmodulin-binding  peptide  shown  to be  effective  in reducing
cell  proliferation.  We  find  several  folded  states  for two short  variants  of  different  length  of  the  peptide
and  determine  the  location  of  the  binding  site  on  calmodulin,  the  binding  free  energy  for  the  different
conformers  and  structural  details  that  play  a role in optimal  binding.  Binding  to a hydrophobic  pocket
in  calmodulin  occurs  via  an  anchoring  phenylalanine  residue  of  the  natively  disordered  peptide,  and  is
eywords:
eptide modelling
eptide binding
ocking
rug design

enhanced  when  a  neighbouring  hydrophobic  residue  acts as  a co-anchor.  The  shorter  sequence  possesses
better  binding  to  calmodulin,  which  is  encouraging  in  terms  of the  development  of non-peptide  analogues
as  therapeutic  agents.

© 2015 Elsevier  Inc.  All  rights  reserved.
olecular dynamics simulation

. Introduction

Many disease states result from uncontrolled cell proliferation.
dentifying agents that can safely and selectively inhibit prolifer-
tion pathways provides a basis for developing therapies against
uch conditions as cancer and restenosis. A recent patent [1] iden-
ifies a family of peptides that targets the interaction between
roteins calmodulin (CaM) and cyclin E, and thus holds promise
or treating unwanted proliferation in vascular smooth muscle cells
nd certain cancers.

While determination of the three-dimensional structure of pro-
eins, so vital for rational drug design, has traditionally fallen
o X-ray crystallography for crystallizing proteins and NMR  for
hose that do not, e.g., membrane proteins [2,3], computational
pproaches, including both sequential and structural bioinformat-
cs (see, e.g., [4,5] and a recent review [6]) complement these
ime-consuming and expensive techniques in the pursuit of drug
evelopment. Moreover, dynamic aspects of the functioning of
roteins [7], such as cooperative effects [8], allosteric transitions
9] and intercalation of drugs into DNA [10], benefit particularly

ell from techniques like MD  simulation. With these consider-

tions in mind, we employ computational methods in the hope

∗ Corresponding author.
E-mail address: saika@mun.ca (I. Saika-Voivod).

ttp://dx.doi.org/10.1016/j.jmgm.2015.08.002
093-3263/© 2015 Elsevier Inc. All rights reserved.
of uncovering information useful for developing therapies against
cell-proliferation related diseases.

In this study, we  turn to computer simulations in order to gain a
better understanding of how these antiproliferative peptides inter-
act with bovine CaM. In particular, we perform simulations of
two peptides with sequences VTVFL (CBS-5), one of the shortest
sequences identified as having potential therapeutic properties,
and ANVTVFLQD (CBS-9), a slightly longer variant.

We  use a complementary set of computer simulations: molec-
ular dynamics simulations of peptide in water to quantify the
tendency of the peptide to fold in addition to identifying folded
states or conformers of the peptides; docking simulations to find
the preferred attachment sites of the different conformers on CaM;
and umbrella sampling simulations to determine the binding free
energies of the conformers with CaM. By analyzing simulation data
for the thermalized bound state, we  identify conformational sub-
tleties of the peptide that lead to better binding.

2. Methods

In this study we carry out molecular dynamics (MD) simulations
and related analyses with version 4.5.5 of the GROMACS software
suite [11–15] of CBS-5 and CBS-9, in water alone, as well as with

bovine CaM [16], the structure of which is available through the
Protein Data Bank [17,18]. We use the AMBER99SB [19] interaction
potential along with the TIP4P-EW model of water [20]. The pep-
tides are constructed with standard NH+

3 and COO− termini with
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wissPdb Viewer software [21]. VMD  software is used to generate
raphical representations of peptide and protein [22].

Simulations of peptide alone in water done to identify folded
onfigurations are carried out at constant temperature T = 37 ◦C,
ept fixed with the Nosé–Hoover algorithm with a time constant
f 0.2 ps [23,24]. The pressure is held constant at P = 1 atm with
he Parrinello–Rahman algorithm, employing a time constant of

 ps and compressibility of 4.5 × 10−5 bar−1 [25,26]. One hundred
ndependent trajectories of length 150 ns are each seeded with a
onfiguration drawn every 1 ns from a constant volume simulation
t 727 ◦C. There are 1387 and 1361 water molecules for these sim-
lations of CBS-5 and CBS-9 peptides, respectively, and the box has
verage side length 3.47 nm.  For CBS-9, we add one Na+ counter ion
o maintain charge neutrality.

We use a selection of compact conformations of the peptides,
s well as an extended structure to act as a control, to search for
avourable binding sites on CaM using ZDOCK (version 3.0.2) [27],
hich treats both peptide and CaM as rigid bodies as it efficiently

earches many trial positions and orientations of the peptide to find
avourable configurations between the two. ZDOCK quantifies the
ocked configurations with a zscore, the higher the better, based
n a statistical potential derived from a database of known inter-
ctions, shape complementarity and electrostatics [28]. Although
DOCK produces 2000 docked configurations for each peptide con-
ormer, we only use the best one for each conformer for subsequent
nalysis.
We rationalize our focus on compact configurations based
n three considerations: we anticipate that binding is driven by
ydrophobic interactions (the peptides are hydrophobic) and fold-

ng tends to expose the hydrophobic side chains in our case; our
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ig. 1. Sampling of data from CBS-5 in water only at T = 37 ◦C. Panel (a) shows the rg of t
he  peptide itself as a function of time, (c) shows the number of H-bonds between the pe
unction of rg . Symbols indicate simulation run and time from which conformers CBS-5a
oints are running averages over 5 ns.
phics and Modelling 61 (2015) 281–289

peptides are derived from larger ones, which are likely folded in
some way (CBS-9 already shows a tendency to fold); even in the
case of intrinsically disordered peptides, folding occurs upon bind-
ing [29,30].

Binding free energies for CBS-5 and CBS-9 to CaM are calculated
starting from the best docked position of each conformer using the
MD-based “pull” code [31] and umbrella sampling (US) [32–34]
capabilities of GROMACS. Using only the best docked configura-
tion for each conformer is motivated in our case by the observation
that only a single, dominant binding arrangement emerges for the
conformers, and it is shared by all the top-ranked docking config-
urations. The pull code begins with a docked configuration from
ZDOCK, and slowly pulls the peptide and calmodulin away from
each other. System configurations sampled from a series of dis-
tances provide starting configurations for US simulations. Each US
simulation is done with over 22,000 water molecules, and neces-
sitates 26 (for CBS-9) and 25 (for CBS-5) simulation replicas. We
add Na+ counter ions to maintain charge neutrality (15 for CaM, 1
for CBS-9 and none for CBS-5). Each replica constrains the peptide,
through a harmonic potential, to be a certain distance away from a
specific atom of CaM located just behind the binding site, i.e., there
is a potential energy added to the Hamiltonian of the system,

Uc = �(r − r0)2, (1)

where � = 1000 kJ mol−1 nm−2 gives the strength of the constraint,
r is the distance between the centre of mass of the peptide and the

chosen CaM atom, and r0 sets the target distance to be sampled.
We run MD  simulations at T = 37 ◦C and P = 1 atm of each replica
for 50 ns, reporting data from the second half of the simulations.
Distributions (histograms) of CaM-peptide distances from each of
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he peptide as a function of time, (b) shows the number of H-bonds formed within
ptide and the surrounding water, while panel (d) shows intrapeptide H-bonds as a

 (square), CBS-5b (diamond), CBS-5c (circle) and CBS-5x (triangle) are taken. Data
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Fig. 2. Snapshots of CBS-5 taken from each of the dips in the rg in Fig. 1. (a) CBS-
5a,  corresponding to the blue square. (b) CBS-5b, corresponding to the magenta

configurations for each of our eight conformers (to consider 40
docking arrangements), 30 (75%) of them have F as an anchor at
this same binding site, 7 (17.5%) of them bind to the same site but
with different hydrophobic residues as anchor (it varies as to which

Table 1
RMSD values (nm) for backbone atoms between all peptide conformers. Only atoms
common to CBS-5 and CBS-9 are considered in the comparison.

5b 5c 5x 9a 9b 9c 9d

5a 0.021 0.122 0.392 0.109 0.178 0.156 0.224
5b  – 0.123 0.381 0.100 0.174 0.150 0.218
5c  – – 0.410 0.177 0.132 0.157 0.262
A.M. Almudallal et al. / Journal of Molecu

he replicas are used to generate the free energy (reversible work)
equired to pull the peptide out of the binding site by calculating the
otential of mean force (PMF). The values of r0 are spaced 0.15 nm
part in adjacent replicas to ensure sufficient histogram overlap.
istogram analysis is carried out with the Weighted Histogram
nalysis Method [35,36]. Finally, we analyze configurations from

he lowest free energy states, i.e., the bound states, to identify CaM
esidues involved in the binding, and to determine configurational
eatures of the peptide that enhance binding.

. Results

.1. Folded structure of the peptides

The peptide simulations in water alone yield an ensemble of
olded conformations, starting points for determining how the pep-
ide interacts with CaM. In Fig. 1(a) we plot a sample of time series
f the gyration radius rg from our 100 independent simulations
t T = 37 ◦C of CBS-5. Fig. 1(b)–(d) shows that large decreases in
g are accompanied by the formation of hydrogen bonds inter-
al to the peptide and a commensurate decrease in the number
f H-bonds between the peptide and water. Shown in this samp-
ing are the three best cases in terms of having coincidentally the
argest number of internal H-bonds and the smallest rg. Identify-
ng these different folded states reduces the effort required to find
ood bound states, while allowing us to discern structural details
hat lead to good binding.

The three folded configurations of CBS-5 chosen as starting
oints for further simulations are CBS-5a, taken from the blue
urve in Fig. 1 near t = 30 ns (indicated by a square); CBS-5b, from
he magenta curve near t = 90 ns (diamond); and CBS-5c, from the
range curve near t = 90 ns (circle). These three conformers are
hown in Fig. 2. While they have different H-bonding, they all share
oughly the same overall shape. CBS-5a and CBS-5b in particular
re very similar. Shown in Fig. 2(d) is an extended version of the
eptide, CBS-5x, which we also analyze (labelled by a triangle in
ig. 1).

We  note that CBS-5 tends to be in an extended configuration in
ater. We  quantify this by calculating the probability distribution

r(rg) for rg over all 100 MD  runs. In Fig. 4(a), we plot the free energy
erived from this probability,

�G(rg)
kBT

= − ln[Pr(rg)], (2)

here kB is Boltzmann’s constant, and see that the folded structures
re roughly 3 kBT higher in free energy than extended conforma-
ions.

We  carry out the same procedure for CBS-9, and choose four
olded structures for subsequent analysis, labelled CBS-9a through
BS-9d and shown in Fig. 3. The folded structures for CBS-9 are
imilar to those of CBS-5, in that they are also non-helical and
imply bent, roughly in the middle, with the two resulting arms
ipped together with H-bonds. For both CBS-5 and CBS-9, the fold-
ng results in hydrophobic side chains being exposed to water. The
ifference is that CBS-9 possesses a greater propensity to fold, with
xtended and compact structures being roughly equally probable,
s shown in Fig. 4(b).

In Table 1, we list the root mean square deviation (RMSD)
etween the positions of the backbone atoms of our conformers,
s calculated by GROMACS utility g confrms. Only atoms common
o both CBS-5 and CBS-9 (the VTVFL portion) are considered. The

alues indicate that CBS-5a and CBS-5b are nearly the same, that
BS-5x is indeed quite different from the rest, and that otherwise,
he conformers generally sample significantly different configura-
ions.
diamond. (c) CBS-5c, corresponding to the orange circle. Panel (d) shows CBS-5x,
a  typical extended configuration. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of the article.)

3.2. Docking

Having obtained a few candidate structures for CBS-5 and CBS-
9, we  use ZDOCK to determine potential docking sites on CaM. An
examination of the best-scoring docked configurations reveals a
single, dominant binding arrangement. The best docked configura-
tion from each of the eight conformers put the peptide in a position
similar to the one shown in Fig. 5(a), in which the F residue anchors
the peptide to a hydrophobic pocket near the N-terminal lobe of
CaM, which is shown in Fig. 5(b). This hydrophobic docking site is
different from at least two other sites identified computationally on
CaM [37], but is involved with hydrophobic bonding of longer, heli-
cal peptides [38,39]. If we  expand our view to the best five docked
5x  – – – 0.314 0.319 0.320 0.266
9a  – – – – 0.184 0.153 0.177
9b  – – – – – 0.139 0.217
9c  – – – – – – 0.176
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Fig. 3. Snapshots of four different folded structures: (a) CBS-9a, (b) CBS-9b, (c) CBS-
9c  and (d) CBS-9d. The thick portions represent the central -VTVFL- sequence of
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Fig. 4. The relative free energy as a function of rg at T = 37 ◦C for (a) CBS-5, for which
extended states are preferred, and (b) CBS-9, for which folded and extended states
are  approximately equally likely.

Table 2
Best zscore and calculated binding energy for each peptide conformer. Entries are
listed by descending zscores for a given peptide length. Uncertainty in the binding
energy is 0.7 kcal/mol at the 95% level.

Peptide zscore �Gb (kcal/mol)

CBS-5c 1236.4 12.2
CBS-5b 1159.6 8.6
CBS-5a 1129.6 9.7
CBS-5x 1119.7 5.4
CBS-9a 1219.5 7.9

F
T
(
e

BS-9, while the thin portions represent the two residues of each end of the peptide
AN- and -QD).

ne, but L is more frequent) and 3 (7.5%) of them bind to a narrow
ydrophobic pocket at another location on CaM, shown in Fig. 5(c).
he minority alternate binding arrangements tend to occur with
scores below 1120, which we shall see is a value associated with
ow binding energies.

The docking calculations on CBS-5x serve as a control for the idea
hat starting with folded configurations is better. CBS-5x produces

he lowest top docking zscore out of all the peptide conformers.
he top docking zscore reported by ZDOCK for each conformer is
iven in Table 2.

CBS-9c 1201.6 7.3
CBS-9d 1191.8 5.9
CBS-9b 1123.1 5.6

ig. 5. (a) Representative docked configuration obtained from ZDOCK (specifically, highest scoring CBS-9a). This docking site is favoured across all CBS-5 and CBS-9 conformers.
he  colour code used for the peptide is as follows, A: red, N: dark grey, V: orange, T: yellow, V: gold, F: grey, L: green, Q: white and D: pink. CaM appears in a ribbon representation.
b)  A close-up view of the docking area on CaM that features a hydrophobic pocket, with standard atomic colouring. (c) F residues for the top five docked configurations for
ach  of the eight conformers studied. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of the article.)
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Table 3
Frequencies of contact of CaM residues with the binding site are obtained from a
listing of the ten closest residues to each of V, T, V, F and L for each of the seven
conformers of CBS-5 and CBS-9.

Residue ID Frequency

47M 25
71K 21
67M 21
68M 20
32M 20
28L 20
15F 20
64F 19
51V 16
50E 13
48I 10

The two lists, the “frequency list” in Table 3 and the “F distance
list” in Table 4 are the same, except that residue 12 appears in the
eader is referred to the web  version of the article.)

.3. Binding energy

We  now proceed to use the top docked configuration for each
f the eight candidate structures (which all fall in the same dock-
ng location on CaM) as starting points for US MD simulations
hat determine the binding free energy of the peptide to CaM.

hile the ZDOCK program evaluates binding of rigid peptide and
rotein structures, MD  simulations allow for peptide and pro-
ein flexibility and thermal motion in order to determine the free
nergy. True equilibration of such simulations is computationally
xtremely demanding. Our approach on estimating the binding
nergy therefore rests on using the different independent starting
onfigurations in order to help sample the phase space available to
he peptide and protein while docking.

Fig. 6 shows the potential of mean force (PMF) as a function of
istance between the centre of mass of the peptide and an atom on
esidue number 12 (phenylalanine) of CaM located slightly behind
he hydrophobic pocket. Curves for each of the CBS-9 and CBS-5
onformers show a plateau, indicating a regime where the pep-
ide is free of CaM. The height of the plateau, estimates of which
re indicated by dashed lines, gives the binding free energy �Gb.
espite the good overlap between adjacent distance histograms

not shown) there appears to be still some noise in determining
he PMF.

Fig. 7 shows snapshots of CBS-9a from simulation replicas with
onstraint distances of 1.3 nm (at the optimal peptide-binding site
istance), 1.9 nm,  2.5 nm and 3.1 nm (where the peptide is nearly
ree of interaction with CaM). We  emphasize that the constraints
mployed in the free energy calculation relate only to distance, and
hus the peptide is free to sample positions within a spherical shell
entred on the binding site, i.e., it is not constrained to follow a
articular path out of the binding site but rather adopts paths of

ow free energy. The snapshots show that the peptide maintains
ontact with CaM when it is near the binding site. This “crawling”
f the peptide along the CaM to get to the binding site contributes
o the bumpiness of the PMF  curves in Fig. 6. The many different

icroscopic pathways along which the peptide can approach the
inding site, and the computational difficulty in sampling them,
ontribute to the noise in the PMF  curves and to the uncertainty in
inding energy estimates.

Note that the optimal distance between peptide and binding
ite is larger for CBS-9 simply because the centre of mass is used

o calculate distance and CBS-9 is longer than CBS-5, shifting the
entre of mass away from the binding site.
59I 8
23I 3

Estimates of �Gb for the CBS-9a-d peptides are 7.9, 5.6, 7.3 and
5.9 kcal/mol, respectively, for an average of 6.7 kcal/mol. The esti-
mates for CBS-5a-c peptides are consistently higher at 9.7, 8.6, and
12.2 kcal/mol, respectively, with an average of 10.2 kcal/mol. For
the extended version, CBS-5x, the binding energy is 5.4 kcal/mol,
by far the lowest of the CBS-5 conformers. WHAM analysis gives an
uncertainty estimate for the binding energy of 0.7 kcal/mol at the
95% level (twice the standard deviation in the mean). The binding
energies for the peptides are listed in Table 2.

3.4. CaM binding site residues

In an effort to identify the important residues in CaM, we  cal-
culate the average distance between the centres of mass of each
of the amino acids (aa’s) V1, T, V2, F and L in the peptides and
all of the CaM residues. We  do this for each of the seven binding
energy simulations we  have of the folded peptides (CBS-5a-c and
CBS-9a-d) for which the peptide is restrained to be nearest the opti-
mal  binding distance (being the minimum of the PMF  curve), e.g.,
the simulation with r0 = 1.3 nm for CBS-9a and r0 = 1.15 nm for all
CBS-5 peptides. We use the ensemble of configurations from these
optimal-distance replicas to calculate average distances between
residues in the peptides and those in CaM. We  characterize the CaM
residues surrounding the seven docked candidates in two ways.

(1) For each of the 5 aa’s in each of the 7 peptide candidates,
we find the 10 closest CaM residues. This produces a list of 350
CaM residue identities, many of which are repeated. There are 37
distinct residues. We  rank these according to the number of times
they appear in the list of 350. We  visually examined each of these
37 to determine which of them are in “contact” with the peptide.
Some residues that have a fairly high frequency are cut from the
list because they are second nearest neighbours to the peptide, i.e.,
they are next to residues that are in contact with the peptide. There
are 13 residues in contact, and they are listed in Table 3.

If the list of 350 residues is broken down for each of V1, T, V2, F
and L, we  find that the list for F has only 16 distinct residues out of
the 70 in total, while the other aa’s have around 30 distinct residues.
This means that the environment of F is much less variable. This
makes sense as F sits most deeply in the hydrophobic pocket of the
binding site.

(2) Given the importance of F, which anchors most deeply into
the docking site, we find the 13 calmodulin residues closest on
average to F (averaged over the seven folded conformers). They
are listed in Table 4.
F distance list and 32 appears instead in the frequency list. Thus,
we judge the important 14 residues to be 12F, 15F, 23I, 28L, 32M,
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Fig. 7. Snapshots for the CBS-9a peptide pulled away from the calmodulin using the pull 

1.9  nm (c) 2.5 nm and (d) 3.1 nm.  Peptide colouring is as in Fig. 5. (For interpretation of the
of  the article.)

Table 4
Distances of the thirteen closest CaM residues to the phenylalanine, averaged over
the  seven peptide conformers.

Residue ID Distance to F (nm)

47M 0.663
64F 0.677
67M 0.710
51V 0.728
15F 0.738
28L 0.740
68M 0.773
48I 0.796
59I 0.797
23I 0.875
50E 0.891

4
t
i

c
b
F

71K 0.893
12F 0.911

7M, 48I, 50E, 51V, 59I, 64F, 67M, 68M, 71K, which in context of
he 143-residue calmodulin sequence reads as (identified residues
n red),
The deepest part of the binding site, hydrophobic pocket, may be
onsidered to be, as determined by close visual inspection, formed
y the side chains of residues 15F, 23I, 28L, 48I, 51V, 59I and 64F.
ig. 8(a) shows a snapshot of CaM highlighting the 14 residues
code provided by GROMACS from replicas with values of r0 equalling (a) 1.3 nm (b)
 references to colour in this figure legend, the reader is referred to the web version

that form the docking site with and without the peptide in place.
The docking site is lined with hydrophobic groups, consistent with
the hydrophobic aa residues exposed when the peptide folds. Four
methionines are immediately apparent. Some of the CaM residues
that are not highlighted but appear to be close to the peptide can
be characterized as flexible or hinged appendages. The position of
these “claws” varies in time and their role in docking is unclear.
The “peripheral” residues of the docking site also show a degree of
flexibility and are therefore somewhat accommodating to different
peptide conformations [40].

Knowing which residues form the binding pocket provides an
avenue for rational drug design, particularly through mutagene-
sis studies [41]. Identifying the binding pocket through a simple
distance criterion, such as finding residues that have at least one
non-hydrogen atom within 0.5 nm of a non-hydrogen atom of the
ligand, is appealing and straightforward. This method was origi-
nally used to define the binding pocket of ATP in the Cdk5-Nck5a*
complex [42] and has been used in multiple drug design studies
[4,5,43]. However, we  hope that our approach is useful when there
is a variety of different peptide structures that the binding site can
accommodate, as in the present case.

3.5. Bound peptide structure
We  now examine in more detail the configurations that the
peptide takes during the US simulations at the optimal binding dis-
tance in order to gain insight into the factors that may influence
the binding energy. While we see significant structural change of
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he  binding site without a CBS-5 peptide in place, (b) F [grey], (c) V2 [gold], (d) T [ye

he peptide in Fig. 1 occurring well within 50ns, the much more
onfined environment around the bound peptide means that we
re determining the binding energy for more or less a particular
onformation of the peptide during the US simulations.

In Fig. 8, we show the locations of the aa residues for a rep-
esentative snapshot of CBS-5c, the conformer with the largest
inding energy, bound to CaM from the US simulation at the opti-
al  distance. Fig. 8(b) shows that the side chain of F is most deeply

mbedded into the hydrophobic pocket of the binding site and
ig. 8(c) shows that the side chain of the second valine in the pep-
ide sequence, V2, accompanies F into the pocket. This adjacency of

 and V2 and their position within the pocket is preserved from the
nitially chosen conformation [as in Fig. 2(c)]. Fig. 8(d)–(f) shows
he remainder of the aa residues, with L in particular resting snugly
n the hydrophobic periphery of the binding site along with V1, the
rst valine.

Consideration of the other six folded conformers and the
xtended version of CBS-5, which we detail below, indicates the
mportance of the V2–F pairing in producing a high binding energy.

In contrast to CBS-5c, both initial configurations of CBS-5a and
BS-5b, which are nearly identical to each other [see Fig. 2(a) and
b)], have a pairing of T and F, rather than V2 and F, and yield (sim-
lar) lower binding energies. The T–F pairing persists during US
imulations for CBS-5a. The case of CBS-5b is interesting in that dur-
ng the US simulation, there is a conformational change resulting
n a pairing of V2 and F, as in CBS-5c. The very fact that this confor-

ational change occurs is consistent with the V2–F pairing being

hermodynamically more stable than the T–F pairing. We  note that
his change does not result in a larger binding energy for CBS-5b, as
he side chains of V2 and F do not achieve the same level of proxim-
ty as for CBS-5c and hence do not fit as well into the pocket. For both
sidered important for binding are represented with spheres of standard colouring:
ively more of CBS-5c, showing the most deeply embedded aa residues first: (a) just
, (e) V1 [orange] and (f) L [green].

CBS-5a and CBS-5b, as for CBS-5c, V1 and L remain in close proxim-
ity to each other and nestle snugly in the hydrophobic periphery of
the binding site.

For the extended version CBS-5x, only F acts as an anchor. Over
the 50 ns of the US simulations, the peptide does optimize its config-
uration near the binding site to a degree, but still remains extended,
with V1 and L far apart. The time needed to relax fully is significantly
longer, and therefore CBS-5x still produces the lowest binding free
energy out of all CBS-5 conformers. This validates using folded con-
formations as starting points for binding calculations.

CBS-9a, CBS-9b and CBS-9d are similar to one another and to
CBS-5x in that only F anchors the peptide to CaM, with both V2
and T side chains situated away from the pocket portion of the
binding site. For these three conformers, L remains close to the
pocket, similarly to CBS-5a-c. In addition, CBS-9a, which has the
highest binding energy of the CBS-9 conformers, maintains V1 and
L close to each other and to the pocket. For CBS-9c, all three side
chains of T, V2 and F are situated in the pocket, but not as snugly as
when only two  side chains enter the pocket. As well, L for CBS-9c
is further from the pocket. The lack of a proper co-anchor to F in all
versions of CBS-9 is consistent with their lower binding energies.

4. Discussion and conclusions

In this study, we  take the approach of finding several folded
conformational variants of two sub-peptides of different length
(CBS-5 and CBS-9) of a potentially therapeutic peptide shown to

act on calmodulin. Treating both CaM and the conformers ini-
tially as rigid objects, we find the optimal docked configurations,
with all conformers preferring the same binding site on CaM. We
then use these docked configurations as starting points for US
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inding energy calculations. These US simulations are long enough
o provide reasonable estimates of the binding energy, but not long
nough to allow for significant structural relaxation of the peptide
hile it is near the binding site. This allows us to correlate differ-

nces in binding energy to structural differences in how the peptide
inds to CaM.

The binding site itself has a deep hydrophobic pocket as well as
ydrophobic periphery. The pocket provides an anchoring site, and
hile phenyl groups are known to act as anchors for disordered
eptides [30], the conformation of neighbouring aa residues also
lays a role [29]. In our case, the strongest binding occurs when the
ide chains of F and V2 act together as the anchor. Weaker binding
ccurs when F and T act together, while F acting alone produces the
eakest binding.

A secondary factor is the folding of the peptide that results in V1
nd L being next to each other, allowing them to fit along the periph-
ry of the biding site near the pocket. This also seems to enhance
inding, as it is a common feature across folded 5 aa conformers
BS-5a, CBS-5b, CBS-5c and CBS-9a, the best of the 9 aa conformers

n terms of binding free energy.
Our findings are consistent with the claims of the patent that

he important part of the peptide sequence is V X1 X2 F L with X1
ydrophobic or neutral (e.g., V, I, L, etc., but typically T, A, P) and
imilarly for X2, typically V or T.

CBS-5 tends not to fold in water only, and compact, internally
ydrogen-bonded structures are rare. Of the three most compact
tructures we found in simulations with water only, two were
early identical, indicating a small number of available folded con-

ormations. Despite this propensity to remain extended, CBS-5
enerally has a higher binding energy compared to CBS-9, which
ends to fold to many available structures. That the smaller peptide
roduces better binding is encouraging for future development of
mall non-peptide analogues as orally administered drugs.
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