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Abstract—Alpha-helical coiled-coils are common protein
structural motifs. Whereas vast information is available
regarding their structure, folding, and stability, far less is
known about their elastic properties, even though they play
mechanical roles in many cases such as tropomyosin in
muscle contraction or neck stalks of kinesin or myosin motor
proteins. Using computer simulations, we characterized
elastic properties of coiled-coils, either globally or locally.
Global bending stiffness of standard leucine zipper coiled-
coils was calculated using normal mode analysis. Mutations
in hydrophobic residues involved in the knob-into-hole
interface between the two o-helices affect elasticity signifi-
cantly, whereas charged side chains forming inter-helical salt
bridges do not. This suggests that coiled-coils with less
regular heptad periodicity may have regional variations in
flexibility. We show this by the flexibility map of tropomy-
osin, which was constructed by a local fluctuation analysis.
Overall, flexibility varies by more than twofold and increases
toward the C-terminal region of the molecule. Describing the
coiled-coil as a twisted tape, it is generally more flexible in the
splay bending than in the bending of the broad face. Actin
binding sites in o zones show local rigidity minima. Broken
core regions due to acidic residues at the hydrophobic face
such as the Asp137 and the Glu218 are found to be the most
labile with moduli for splay and broad face bending as 116
and 68 nm, respectively. Such variation in flexibility could be
relevant to the tropomyosin function, especially for moving
across the non-uniform surface of F-actin to regulate myosin
binding.

Keywords—Tropomyosin, Flexibility map, Coiled-coil, Per-
sistence length, Heptad, Biofilament elasticity.

INTRODUCTION

Tropomyosin makes up a large complex family of o-
helical coiled-coils found in eukaryotes, and is usually
seen bound to F-actin.? In thin filaments of muscle, it
regulates actin—-myosin interactions by winding around
actin in a right handed fashion and blocking the actin-
binding sites of myosin. While precise roles of non-
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muscle tropomyosin isoforms such as those found in
stress fiber assemblies is poorly understood,'” tropo-
myosin has been observed to increase actin’s persis-
tence length by about 1.5 times.'' It could thus
significantly affect mechanical properties of the cyto-
skeleton.

Since its 284 pairs of residues (~40 nm) follow
mostly an unbroken heptad (seven-residue) periodicity,
tropomyosin has been considered as a paradigm of an
a-helical coiled-coil.* In addition, in muscle isoforms,
there is a ~40-residue periodicity where each period is
divided into two alternative actin binding o and f
zones (Fig. 1). A single tropomyosin molecule can at-
tach to seven consecutive actin monomers through a
strip of negatively charged side chains in either o or f§
zones. While o zones are more regularly negatively
charged,'” the actual actin binding residues on the
surface of tropomyosin are still not clearly known.
Currently accepted ““consensus” residues®' are those
initially identified by Phillips ez al.'”" Point mutations
along the charged surface residues of tropomyosin
have been associated with changes in cardiac muscle
contractility’ and dilated cardiomyopathy.”

Regulation of myosin binding is achieved by the
Ca’"-dependent action of tropomyosin and troponin.*
In the ‘off” state, tropomyosin is bound along the outer
edge of the F-actin, blocking the myosin binding site.
When Ca’" binds to troponin (bound to both tropo-
myosin and F-actin), it undergoes conformational
changes, allowing tropomyosin to move into the
groove of F-actin, exposing myosin binding site. Ear-
lier this process was described by a two-state model.'”
More recent observations led to a three-state steric
blocking model that consists of the off, blocked, and
potentiated states depending on whether tropomyosin
covers F-actin’s myosin binding site fully, partially, or
exposes it.>’ Although details of this process is still
unknown, it is likely that tropomyosin undergoes
deformation along the non-uniform helical surface of
F-actin. Along the molecule there are clusters of ala-
nines which are thought to induce a bend, thereby
assisting the coiled-coil to wind around F-actin.®
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FIGURE 1.

Crystal structure of a cardiac muscle tropomyosin (PDB ID:1C1G).3? The « and f zones are shown in orange and
cyan, respectively. Successive « or f zones rotate by about 90° axially. Side chains of the putative actin binding residues'”

ina

zones are shown in magenta. Asp137 and Glu218 are shown in blue van der Waals representation. Starting with triad 1 on the
left (N-terminus), we assigned 56 triads along the length of the molecule in intervals of five residues. Triads 1 and 56 were not
considered for the flexibility map to eliminate edge effects. The magnified image shows triads 14-18. e; (red) points to the right,

e, (blue) points downward, and e; (pink) points out of the page.

However, the energetics of deformation as the mole-
cule binds and moves on F-actin has not been char-
acterized in detail. Mechanical properties of
tropomyosin should hence be an important factor for
its function.

Previous mechanical characterization of tropomyo-
sin treated it as a homogeneous filament and estimated
its global persistence length (/,) to be about 150 nm.*
Yet, due to the presence of functionally distinct regions
such as for actin binding or for inducing a bend, it is
likely that mechanical properties of tropomyosin is
non-uniform along the molecule. Here we construct a
flexibility map of a cardiac muscle tropomyosin (Pro-
tein Data Bank (PDB) ID: 1C1G)* using molecular
dynamics (MD) simulations. Local coordinate basis
named triads were assigned along the length of the
molecule and changes in their relative orientation
during MD was monitored, from which we calculated
local bending and torsional stiffness. For comparison,
we also use the standard leucine zipper coiled-coil and
study the effect of side chain mutations on its bending
stiffness.

While bending stiffness of a single o-helix is not very
sensitive to its amino acid sequence,”'* we find that
coiled-coil has a stronger sequence dependence, con-
trary to a previous continuum-based theoretical esti-
mate®® which did not consider energetic contribution
by the steric knob-into-hole packing of hydrophobic
side chains between two a-helices.® Thus coiled-coils
with variations in amino acid sequence may not be
treated as uniform elastic rods. For tropomyosin, we
find that its bending moduli vary by more than two-
fold, between 220 and 470 nm. Around the broken
core region Asnl37,'® it further drops to 116 nm.
Hence, analogous to the strength of a chain determined
by its weakest link, the ‘global’ persistence length
obtained by considering the entire tropomyosin mole-
cule would be smaller.

The local flexibility map also elucidates how varia-
tion in flexibility is tailored for the function of tropo-
myosin. In particular, « zones are more flexible than

f zones, which would be advantageous since tropomy-
osin binds to the deeper actin groove in the blocked and
more in the potentiated states through o zones. Being
more flexible, o zones may easily reach their binding site
in the actin groove without requiring a rigid-body mo-
tion of the entire molecule along F-actin. More gener-
ally, local flexibility map of fibrous proteins will provide
useful insights into their mechanical function.

THEORY

Local Fluctuation Analysis

We first derive the expression for the elastic energy
of a continuum rod'%'> and explain how it is applied to
the coiled-coil geometry. Our method is basically the
same as the one used by Choe and Sun for analyzing
a-helix elasticity, except that they averaged fluctuation
over the length of the molecule.’

Let r(s) be the position vector of the contour of a
rod of length L parametrized by the contour length s,
such that r(0) and r(L) represent two ends of the rod.
The unit tangent vector e;(s) at a point s is then

dr
== 1
@ ds (1)

We introduce two additional unit vectors e;(s) and
e>(s) that are binormal to ez, so that {ej, e,, e3} forms a
right-handed triad. Choices for e; and e, are not un-
ique and they only need to be continuously differen-
tiable with respect to s. Typically e; and e, are chosen
based on the cross-sectional geometry of the rod, to
better represent the physics.

Now we consider a rod whose equilibrium shape is
straight. When it deforms, the curvature vector e is
related to e; by'”

% = X e3, (2)
i.e., o is the rate of rotation of the triad along s. When
decomposed using triads, w; and w, represent bending
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of the rod in two directions normal to the contour and
ws represents torsion (we ignore stretch in the axial
direction, which is usually a good approximation for
a-helices and f-sheet filaments since their backbone
hydrogen bond network is stiff due to the narrowly
distributed hydrogen bond distances'***). If e, and e,
are chosen as principal axes of the cross section of the
rod, for a linear elastic material (but not necessarily
homogeneous along the length), the elastic energy per
unit length at s is given by

1 3
E(s) =5 > iy, (3)

i=1
Here, 1/(s) is the stiffness of the rod with respect to the
rotation along e,. The total elastic energy of the rod is

then Eio = fOL dsE(s). For a rod whose equilibrium
shape is not straight, Eq. (3) can be generalized to

3
E(s) = : Z Ki(w; — wo1)°, (4)
=1

o

where wg,(s) is the equilibrium curvature of the rod.

If the rod is in thermal equilibrium at temperature
T, the average elastic energy stored in the ith direction
for the segment (s,s + As) satisfies the equipartition
theorem?®

SRl o oA ()
Here () denotes ensemble or time average and As is
chosen small enough so that x; w; and wy; can be
considered invariant over this interval. kg is Boltz-
mann constant.

For tropomyosin, we assigned triads as follows.
First, centroids for each o-helix were assigned with an
interval of five residues. These were chosen using the
position of ten C, atoms in an overlapping manner, so
that the first centroid is based on residues 1-10, the
second on 6-15, etc. In total there are 56 centroids on
each a-helix. The midpoint between nth centroids of the
two helices then defines the contour vector r, (n =
1,...,56). We assigned e; = (r,4+; — r,)/|r,+1 — I
and e; was obtained as a unit vector normal to both e3
and the vector pointing from centroid n of helix A to
that of helix B (choice of helix A and B is arbitrary).
This fixes e, = e3 x e; (Fig. 1). To construct triad 56
(the last one), a new centroid, 57 was calculated using
residues 281-284. But triads 1 and 56 were not used for
the actual calculation to eliminate possible end effects.
The distance As between triads is not uniform across the
molecule (cf., Fig. 4a). We used the value of As for each
successive triad pair averaged over the simulation time.

The curvature vector w, was calculated as follows.
Two neighboring triads {e,;} and {e;, 1} (i = 1,2,3)

(Ei(s))As

can be related by a transformation matrix U employing
Euler angles

€(nt1)i = Z Ujey;. (6)
J

Expressing each unit vector of a triad in terms of three
Cartesian components, Eq. (6) can be cast in a matrix
form, E,+,) = UE,. The ith row of the 3 x 3 matrix
E, represents the three cartesian components of e,;.
Multiplying E~' on both sides yields U and hence the
three Euler angles 60; (the standard notation for Euler
angles are «, f§, and y, but we use 6; for notational
simplicity).” Components of the curvature vector are
then w,; = 0;/As. In equilibrium, its distribution is
Gaussian. By measuring average and variance, Eq. (5)
can be used to get k; for each triad. Below we present
data wusing the persistence length [/, = «;/kgT
(T = 300 K) instead of «;. As Fig. 1 shows, /,; is the
persistence length with respect to the splay deforma-
tion of the molecule as a twisted tape whereas /,, is for
bending of the broad face. Torsional rigidity is repre-
sented by /.

Note that we implicitly assumed that e; and e, as
assigned above are local principal axes. If they are not,
there is a term proportional to the product w;m, in Eq.
(3). Although it is possible to find principal axes based
on the distribution of w; and w,, we did not do that
since our analysis based on e; and e, provides an
intuitively clear picture of tropomyosin as a twisted
tape, while a more accurate set of principal axes may
depend on local amino acid sequence, resulting in a less
intuitive geometry. Furthermore, as explained below,
our simple approach still provides many useful infor-
mation about the elasticity of tropomyosin.

Normal Mode Analysis

Determining flexural rigidity x, = min(x,x,) and
I, = kp/kgT using normal mode analysis (NMA) is
well documented in earlier works."'*** Here we just
present the equations used.

For a freely vibrating rod in a linear elastic regime,
flexural rigidity can be retrieved from the following
relation

_ P/(w(m))z

(kmy* ™

Kp
Here, p, is the mass per unit length, o™ is the
angular frequency of the mth bending mode (note
that this is different from the component of the cur-
vature vector of the nth triad w,; introduced above).
k" is the wave number given by ¢ /L, with ¢ =
4.7300, ¢® = 7.8532, ¥ = 10.9956, etc. L is the
length of the rod.** In principle, x, does not depend
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on the mode number m.'* In calculations below, we
use the first bending mode (m = 1).

RESULTS

Persistence Length of a Coiled-Coil Depends
on the Amino Acid Sequence

Earlier estimates of the /, of coiled-coils in experi-
ments were ~150 nm, for the myosin S2 subdomain'?
and tropomyosin.’® As mentioned above, [, measured
from global conformation of the molecule may be af-
fected by flexible points and we expect that a coiled-
coil with an ideal heptad periodicity would have a
longer 11,.14 To further study the effect of amino acid
composition on stiffness of a coiled-coil, we con-
structed 112-residue long straight coiled-coils whose
heptad sequence was taken from the GCN4 leucine
zipper. We introduced point mutations and calculated
1, for each mutant using NMA. Some of these mutants
were unstable in MD at 300 K, so local fluctuation
analysis could not be applied. As mentioned previ-
ously,'* stiffness and stability represent different parts
of the energy landscape: While stiffness relates to the
curvature of the conformational energy minimum,
stability is a measure of the height of the energy barrier
between the conformational minimum and other

TABLE 1.
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states. Thus, stiffness can be measured even for weakly
stable mutants using NMA.

Table 1 shows that replacing hydrophobic residues
with charged ones in d positions leads to a progressive
decrease in stiffness with an increasing number of
mutations. However, point mutations in the hydro-
philic outer edge does not affect the stiffness signifi-
cantly (the last mutant in Table 1). Thus while the
knob-into-hole packing between hydrophobic faces of
o-helices contributes to the stiffness of the coiled-coil,
there is no significant contribution by residues on the
outer side, including the inter-helical salt bridges
formed between charged residues in ¢ and g positions
of the heptad. Instead, these salt bridges are important
for maintaining stability of the coiled-coil by protect-
ing the hydrophobic contacts among a and d residues
from water.'®

In an earlier theoretical study by Wolgemuth and
Sun,*® the adhesion energy between two a-helices was
treated as constant under deformation of the coiled-
coil. However, our calculation suggests that the steric
knob-into-hole packing between hydrophobic side
chains in ¢ and d positions would provide a signifi-
cant barrier to deformation, rendering /, of a leucine
zipper longer than experimental estimates of coiled-
coils that contain regions of varied flexibility or
broken heptads.

Persistence length /, of leucine zipper coiled-coil and mutants.

Sequence
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[\
o
Q
@
-
I\
o
Q
()

f

Q

Kp
g (x 10727 Nm?)

o
(nm)

o
Q
()
-
o
Q
@
-

a

[\

112 WT 1
29
57
85
10 1
29
57
85
14 1
29
57
85
16 1
29
57
85
WT 1
29
57
30 1
29
57

84

SIS LELELELS
FFFXXAAAARARARXRARARARXRARXRARARAXRXAARAAXAXXAXRX o
[sNoNoNSNoNSNoNoNONONSNSNSNSNSNONONONONSNONS)
rFFrFFCF R RARAARAARAARAXRCFCRARCRCCCC
rErEmmMmMMMMMMMMMMMMMmMmMmMmMm
0000000000000 000D00O00O0
FFPFAXXAXARXARARARARARARARARARARARARARARARARARARNRARANAN |«
<< <K<K <K<K <K<K <K<K <K<K <K <K<K <K<K
rrErrErmmMmMMMMMMMMMMMMMmMmMmMmMm o
reErmmMMMMMMMMMMMMmMMmMmMmMmmMm
FrFrFFrFCT R R ARARAARARXRXRCRRCCOr
rrrrrrrrCCCCCCCCCCr-
[N ONONONONONORORORORONORONORORORONONORONONG]
FFFXAXAXARAAAARARRARAARARARARAARAXRXXRAXA
2222222222222 Z22Z2222222Z22Z2

2.04 493.43

1.52 362.30

1.21 287.41

0.82 198.07

1.42 343.01

1.40 338.20

<< << << << << << << |
ITIIIIIIIIIIIIIIIIIIIC
rrOrrHrHrmmmmmmmmmmMmM—rM™H™ &
rErErmmMmMmMMMMMMMMMMMMmMmMmMmMmMmmMm
ZZZZZZZZZZZZZZZ2ZZZZ2Z2Z
reErErmmMmMmMMMMMMMMMMMMmMmMmMmMmmMm Q
<<<<<<<<<<<<<<<I<I<<<<<<
>>>>>>>>>>>>>>>>>>>>>> o
FrFrFI 7D IIIDIDIIDDDDD
FrFFXXAARXRXAAARANRXXXAAXARNXNX X X
ARXRXXAXAARXNRXAAAARANXNXX XXX X X X
rrrmrrrrrrrrrrrrrrrrrrrrr-

Mutated residues are marked in bold.

there is no significant effect by mutations in exposed residues. As reported previously,

|, drops with an increase in the number of point mutations along the hydrophobic core (d position), while

' in this range of coiled-coil sizes, there is a

dependence of /, on the length of the molecule, as can be seen by comparing wild-type (WT) values of 112- and 84-residue coiled-coils.
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Tropomyosin has Regions of Varied Flexibility

Previous crystallographic studies identified regions
of varying radius and pitch across the length of
tropomyosin,>® which suggests that it may not be
mechanically uniform along the length. We investi-
gated this by constructing the flexibility map calculated
from a 10-ns MD simulation. Figure 2 shows example
distributions of w;. To check whether the simulation
time was sufficient, we calculated As and the elastic
moduli for select triads separately across 2.5 ns inter-
vals during the production run (Fig. 3). As does not
change notably over time (Fig. 3a). However, mea-
sured values of moduli vary more strongly over time.
Yet it is not clear whether they fluctuate or drift
(Figs. 3b—d). Although a longer MD simulation may
reveal a clearer trend, distribution of moduli along the
molecule (i.e., as a function of the triad number) is
already apparent and is not likely to change in any
major way even in longer simulations. Besides, as
mentioned briefly in our NMA on leucine zipper, at
longer times, parts of the molecule may develop insta-
bility, which further complicates elasticity analysis.

The flexibility map reveals several interesting fea-
tures that could be relevant to the function of tropo-
myosin. Figure 4a traces the distance between triads As
averaged over the production run. It mostly stays
within 7.35-7.55 A, but increases to about 8.3 A
between triads 43 and 45. This is the region sur-
rounding Glu218. Crystallographic studies show an
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increased radius in this region due to improper knob
into hole packing.®'® But As stays at the elevated value
without any further increase (Fig. 3a). We also did not
observe any notable unfolding of this region within the
simulation time.

Comparing bending stiffness in two directions, if the
molecule is depicted as a twisted tape, it is more flexible
with respect to splay (/,;) than to bending (/,,)
(Figs. 4b, c). The regions at Aspl37 (d position) and
Glu2l8 (a position) are highly flexible (/,; ~ 250 nm,
116 nm, and /,, ~ 68 nm, 196 nm respectively). As we
see from Table 1, non-hydrophobic residues in the
d position reduce the stiffness of the coiled-coil.
Improper knob into hole packing and increased spac-
ing between the two a-helices as explained above, could
be destabilizing the molecule at these regions, leading
to increased flexibility.

Figure 4b also reveals that along all the o-zones
(orange filled circles), the putative actin binding sites
(magenta stars) form local rigidity minima, which
would assist with actin binding. These sites are com-
posed of regular repeats of negatively charged residues
in b and f positions of the heptad.* The enhanced
flexibility is likely because of more polar residues
occupying the a and d positions at the hydrophobic
core (such as Tyr or Gln in the d position), which is
consistent with our mutational analysis of leucine
zipper (Table 1). In the blocked state and further in the
potentiated state, when the molecule moves into the
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FIGURE 2. Example distributions of (a) v, and (b) w,, and (c, d) quadratic fits to their logarithm. Corresponding triad numbers are
marked in the graph. While equilibrium curvatures w1 & wg, are generally 0 along the length of tropomyosin, at triad 43 (lowest

rigidity region Fig. 4b) wo, is about —0.01.
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FIGURE 4. Flexibility map of tropomyosin. (a) As, showing a jump near the most labile region at Glu218 (triad 43). (b) /,; regarding
local splay deformation. Minimum occurs again at triad 43. Marked in orange represent o zones (cf., Fig. 1), which contain actin
binding sites (magenta stars) that are locally the most flexible. (c) /. regarding bend of the broad face. (d) /,; representing torsional
stiffness. Overall, the molecule is more flexible toward the C-terminus.

actin groove, flexible actin binding interfaces would
render the transition as a succession of local move-
ments, so that the actin binding domains first reach the
binding site, followed by the movement of the rest in a
deformable way. Otherwise, the entire 40-nm long
molecule would have to move on actin more as a rigid
body, which would be a difficult task. Likewise, flexible

domains would assist with reverse transitions out of
the actin groove.

Overall, flexibilities in all three directions of defor-
mation increase towards the C-terminus, including
torsional rigidity, /,; (Fig. 4). The globular head of the
troponin complex binds to the region around triad 38,
and the tail of troponin T binds to the C-terminal part
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FIGURE 5. Occupancy of backbone hydrogen bonds during
the simulation. A cutoff distance of 2.4 A was used to identify
hydrogen bond formation. Regions of low hydrogen bond
occupancy correspond to labile regions in Fig. 4.

of tropomyosin. The C-terminal half of tropomyosin
interacts with the troponin complex, while the N-ter-
minal half may need to move in a more isolated fash-
ion, which may be why the N-terminal part is stiffer.
Furthermore, we did not find any particular reduction
in flexibility in regions of alanine clusters. Thus, al-
though they may induce a bend through improper
knob-into-hole packing,* they are not necessarily more
flexible.

In this long coiled-coil, backbone hydrogen bonds
in each a-helix do not stay always formed throughout
the simulation. Since earlier studies indicated its
importance in elasticity of a-helices'* and f-sheets,**
we plotted percentage of time that they are formed
within five residues for each triad (Fig. 5). Hydrogen
bonds mostly stay intact with occupancy higher than
80%. Regions where the hydrogen bond occupancy is
low correspond to flexible regions shown in Fig. 4,
such as triads 27 and 43. In these regions, deformation
is accompanied by breakage of backbone hydrogen
bonds, thus their elastic properties are likely nonlinear.
Local persistence length, or stiffness x; (Eq. 3) are thus
simple indicators of local lability, but these regions
should not be regarded as linearly elastic.

DISCUSSION

To a first approximation, a fibrous protein may be
described as a uniform elastic rod. This is the case for
filaments such as F-actin and microtubule, which are
built by assembly of identical subunits. Earlier works
suggested that elasticity of a-helices is roughly inde-
pendent of the amino acid sequence, so they can be
described as mechanically uniform.”'* Coiled-coils,
however, have stronger sequence dependence in its

elasticity. We found that mutations in the d position of
the leucine-zipper coiled-coil affect its elasticity
whereas those on other positions do not. Residues on a
and d positions are typically hydrophobic and make
knob-into-hole packing to hold the two a-helices
together. Charged side chains on e and g positions
form salt bridges, which, although important for sta-
bility,* we find do not affect the elasticity significantly.
Here we emphasize the difference between stability and
flexibility: flexibility is determined by the local curva-
ture of the conformational free energy minimum of the
molecule, while stability is related to the height of the
energy barrier to escape from this minimum. In
mechanical terms, stability can be related to the yield
strength. Also, as our hydrogen bond analysis in Fig. 5
shows, regions of high flexibility may not follow linear
elasticity, so that their elastic moduli should be inter-
preted with caution.

Our analysis thus shows that long coiled-coils may
not be treated as uniform elastic rods. Global persis-
tence length or flexural rigidity would only be a coarse
indicator. In the past, the coiled-coil neck of Rad50
has been observed to have regions of varying flexibil-
ity.”! Common variations in the heptad periodicity
such as stutters (deletion of three residues in a heptad)
and stammers (deletion of four residues) have also
been suggested to lead to local flexibility changes.’

We find that tropomyosin, despite having a
sequence that mostly follows the heptad periodicity,
also has varied rigidities between functionally distinct
domains across its length (Fig. 4). Overall the molecule
is more flexible in the C-terminal region, and in the
actin binding sites. Regions with charged residues at
the hydrophobic face (Asp137 and Glu218) are par-
ticularly flexible. Such regular variations in flexibility
by more than twofold may have implications in
tropomyosin function, in particular for its movement
along the actin filament. More structural data regard-
ing tropomyosin bound to F-actin, and/or with other
tropomyosin binding proteins such as the troponin
complex, would further allow to elucidate how the
distribution of elastic properties control the tropomy-
osin function.

SIMULATION DETAILS

We used CHARMM? version ¢34bl for simulations
and visual molecular dynamics (VMD)'? for visual-
izations. The param19 force field in CHARMM was
used.”” For NMA of leucine zipper structures, straight
coiled-coils were constructed using a C-code provided
by Offer.”> They were energy minimized in a
two-step process. First, backbone atoms were
constrained harmonically with a spring constant of
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5 kcal/(mol A?) and side-chains were energy mini-
mized using the adopted basis Newton—Raphson
(ABNR) method until the energy change between
successive minimization steps reached less than the
default tolerance of CHARMM. Next, constraints
were removed and the entire molecule was again fully
energy minimized. The VIBRA facility of CHARMM
was used to calculate normal modes and their fre-
quencies. Stiffness was calculated using Eq. (7).

For the flexibility map, simulations were carried out
on the 1C1G structure. Although its 7-A resolution is
not high, since coiled-coil has a well-defined geometry
due to intrahelical backbone hydrogen bonds and
knob-into-hole packing between helices,® uncertainty
would be more in the global conformation of the 40-A-
long molecule and exposed side chains, which anyway
fluctuate during MD simulations.

To incorporate solvation effects, we used the ACE2
continuum solvent model in CHARMM.?** It has
been previously shown that water molecules do not
affect the elasticity of a-helices much, although sta-
bility may be affected more.”'* This is because the
elasticity is determined mainly by the network of
backbone hydrogen bonds rather than by interaction
among side chains and water molecules. It is expected
that the same is true for coiled-coils, which, in addition
to backbone hydrogen bonds, have the knob-into-hole
packing of hydrophobic residues as a major determi-
nant of elasticity.

After energy minimization as described above, MD
simulation was performed with a step size of 1 fs. The
system was heated for 650 ps from 0 to 300 K, in 5 K
increment every 10 ps. After heating, equilibration run
followed for 200 ps, during which velocities were
rescaled if the temperature deviated from 300 K by
more than 5 K. The final production run lasted 10 ns.
Coordinates were recorded every 10 ps, totalling 1000
coordinate frames, with 56 triads per frame. To calcu-
late stiffness, we made histograms of w,(n=1,...,
56, i =1,2,3), with a bin size of 0.002 rad/A (Figs. 2a,
b). Fitting logarithm of this histogram with a quadratic
curve (Figs. 2¢, d) yields average and variance of w,;.
We calculated stiffness by using Eq. (5).
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