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Summary

Mechanotransduction in vertebrate hair cells involves
a biophysically defined elastic element (the “gating
spring”) that pulls on the transduction channels. The
tip link, a fine filament made of cadherin 23 linking
adjacent stereocilia in hair-cell bundles, has been
suggested to be the gating spring. However, TRP
channels that mediate mechanotransduction in Dro-
sophila, zebrafish, and mice often have cytoplasmic
domains containing a large number of ankyrin re-
peats that are also candidates for the gating spring.
We have explored the elastic properties of cadherin
and ankyrin repeats through molecular dynamics
simulations using crystallographic structures of pro-
teins with one cadherin repeat or 4 and 12 ankyrin
repeats, and using models of 17 and 24 ankyrin re-
peats. The extension and stiffness of large ankyrin-
repeat structures were found to match those predicted
by the gating-spring model. Our results suggest that
ankyrin repeats of TRPA1 and TRPN1 channels serve
as the gating spring for mechanotransduction.

Introduction

The vertebrate senses of hearing and balance employ
mechanically sensitive hair cells to transform complex
mechanical stimuli produced by sound and accelera-
tion into electrical signals. In both the auditory and
vestibular systems, these stimuli bend the hair cells’
stereocilia, microvillus-like organelles that project in
bundles from the apical surfaces of the cells, and the
bending opens mechanically gated transduction chan-
nels in the tips of stereocilia to allow ion influx (Hud-
speth and Corey, 1977; Hudspeth, 1982; Gillespie and
Walker, 2001). The biophysics of this process is well
understood, and sensitive mechanical measurements
have characterized the force needed to open channels
and the stiffness of structures that convey this force
(Corey and Hudspeth, 1983; Howard et al., 1988). The
microscopic structures involved are also well under-
stood: stereocilia in each hair bundle are arranged in
rows of increasing height, and a fine filament termed a
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tip link connects the tip of each stereocilium to the side
of its taller neighbor. Tip links are thought to connect
directly to transduction channels, so that deflections of
a hair bundle that would tighten tip links open these
channels (Pickles et al., 1984; see Figure S1).

In recent years, proteins composing the transduction
apparatus have begun to be identified. Myosin-1c, a
small, unconventional myosin, is clustered at each end
of the tip link; the several dozen myosins in each cluster
maintain a tension on channels to set a resting bias so
that the channels are poised at their most sensitive
point (Gillespie et al., 1993; Garcia et al., 1998; Holt et
al., 2002). The tip link is composed in large part of cad-
herin 23, a long cadherin with 27 extracellular cadherin
domains, which may extend from each stereocilium to
form an antiparallel dimer or tetramer (Siemens et al.,
2004; Sollner et al., 2004; Corey and Sotomayor, 2004).
The transduction channel is likely to contain subunits of
the TRP channel family (Corey, 2003; Clapham, 2003),
perhaps TRPN1 (NOMPC) in lower vertebrates and
TRPA1 (ANKTM1) in all vertebrates (Walker et al., 2000;
Sidi et al., 2003; Corey et al., 2004).

A challenge at this point is to correlate the biophysi-
cally defined properties of the transduction apparatus
with the proteins it comprises. For example, the stiff-
ness of an elastic element that pulls on transduction
channels (the “gating spring”) has been measured to
be about 1 mN/m (Howard and Hudspeth, 1988; D.P.C.
and E.L.M. Cheung, unpublished data). This elasticity
might reside in the tip-link protein, with its 27 cadherin
repeats (Pickles et al., 1984), or it may reside in the
extended N termini of TRPN1 and TRPA1 channels,
which contain 29 or 17 ankyrin repeats, respectively
(Howard and Bechstedt, 2004; Corey and Sotomayor,
2004; Corey et al., 2004). The gating spring appears to
have a working extension of 10-20 nm, a maximum ex-
tension of 125-250 nm to accommodate large stimuli,
and a relaxation time of 10 us or less to follow high
auditory frequencies (Corey and Hudspeth, 1983; How-
ard and Hudspeth, 1988; Holt et al., 2002). Do either
cadherin domains or ankyrin repeats possess similar
mechanical properties?

Cadherin proteins are typically formed by a single-
pass transmembrane domain and multiple extracellular
repeats, and play a fundamental role in calcium-depen-
dent cell-cell adhesion. In general, each cadherin re-
peat consists of about 100 amino acids sharing a
common folding topology characterized by seven anti-
parallel § strands tightly linked by hydrogen bonds. The
microscopic architecture of cadherins along with high-
resolution electron micrographs (Kachar et al., 2000)
suggests that the tip link is actually a rather stiff el-
ement.

Ankyrin repeats are 33-amino-acid domains that oc-
cur in sets of four or more and appear in more than 400
human proteins expressed in many tissues (Lux et al.,
1990a; Lux et al., 1990b; Bork, 1993; Sedgwick and
Smerdon, 1999). Each repeat has two short antiparallel
o helices and a less ordered loop, with the helix pairs
stacked in parallel in adjacent repeats (Figures 1A and
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A Figure 1. Structure and Sequence of
Ankyrin Repeats

R iy (A) Stereo view of four ankyrin repeats (Mo-
4 - i [ savi et al., 2002) in cartoon representation.
Each repeat includes ~33 amino acids that
form two o helices (cylinders) connected by
a short linker; adjacent repeats are con-
nected by a longer loop. The four repeats are
colored blue (N terminus), red, orange, and
gray. The surface of the protein is drawn in
transparent gray.

(B) Model of the 24 ankyrin repeats of human
ankyrin-R solvated in a water box (339,000~
atom system).

B (C) Side view of two ankyrin repeats. The two
o helices of the orange repeat in (A) are
shown in tube representation. Behind the or-
ange repeat, another repeat (red in [A)) is
shown here in surface representation and
colored by residue type (white, non-polar
residues; blue, basic residues; red, acidic
residues; green, polar residues; cyan, histi-
dines). The hydrophobic core of the protein
is clearly discernible. N and C termini of the
orange repeat are indicated by arrows.

(D) Consensus sequences (color indicates
residue type) for all ankyrin repeats (Mosavi

c et al., 2002), those in ankyrin proteins, those
in TRPA channels, and those in TRPN

N_termlnus (N(?MP(_)) .chf’;\nnels.. The position _of the o
helices is indicated in gray. Black circles de-
note highly conserved residues of the an-
kyrin motif.
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1C). Proteins of the ankyrin family, for which the repeat corresponds to 12 of the repeats from human anky-

was named, contain up to 24 repeats. The largest an- rin-R, and a structure with 24 repeats was extrapolated

kyrin-repeat crystallographic structure available to date from it (Michaely et al., 2002). There is a slight curvature
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Table 1. Summary of Simulations

Label Structure Type Size (A3) Atoms x 1000 Ensemble Relevant Parameter  Time (ns) Effort (Ma-ns)
simla  1L3W-§? EQ 376 x 65 x 60 129 NpT - 0.60° 0.07
simlb  1L3W-S82 PCV 362 x 61 x 55 129 NV 0.1 A/ps 3.00 0.38
simlc  1L3W-S2 PCV 362 x 61 x 55 129 NV 0.01 A/ps 23.10 2.98
sim2a  1L3W-SP EQ 376 x 65 x 60 129 NpT - 0.60° 0.07
sim2b  1L3W-SP PCV 362 x 61 x 55 129 NV 0.1 A/ps 2.90 0.37
sim3a  1N11-S EQ 199 x 81 x 78 117 NpT - 0.60° 0.07
sim3b 1N11-S PCV 192 x 78 x 75 117 NV 0.1 A/ps 0.75 0.08
sim3c  1N11-S EQ 192 x 78 x 75 117 NVT - 5.25 0.61
sim3d  1N11-S PCF 192 x 78 x 75 117 NV 100 pN 5.00 0.58
simda  1N11-S EQ 419 x 79 x 76 236 NpT - 0.60° 0.14
simdb  1N11-S PCF 405 x 76 x 73 236 NV 250 pN 3.50 0.82
sim4dc  1N11-S PCV 405 x 76 x 73 236 NV 0.1 A/ps 2.80 0.66
sim4d  1N11-S PCV 405 x 76 x 73 236 NV 0.1 A/ps 2.40 0.56
sima  MOD1-S EQ 289 x 93 x 132 339 NpT - 3.60° 1.22
sim5b  MOD1-S PCF 281 x 90 x 128 339 NV 25 pN 10.00 3.39
sim5¢ MOD1-S PCF 281 x 90 x 128 339 NV 50 pN 10.00 3.39
simbd  MOD1-S PCF 281 x 90 x 128 339 NV 100 pN 1.20 0.40
simb5e MOD1-S EQ 281 x 90 x 128 339 NVT - 24.30 8.23
siméa  MOD1-V EQ - 1 NE - 3.00¢ 0.03
siméb ~ MOD1-V EQ 200 x 200 x 200 1 NVE - 4.00¢ 0.04
sim6c MOD1-V PCF 450 x 200 x 200 11 NV 75 pN 1.00 0.01
siméd  MOD1-V EQ 300 x 200 x 200 11 NVE - 1.50 0.01
sim7a  MOD2-S EQ 322 x 95 x 92 271 NpT - 3.50° 0.94
sim7b  MOD2-S PCF 312 x 92 x 89 271 NV 25 pN 6.50 1.76
sim7c MOD2-S PCF 312 x 92 x 89 271 NV 50 pN 6.50 1.76
sim8a 1NOR-S EQ 352 x 57 x 71 135 NpT - 1.00° 0.13
sim8b  1NOR-S PCF 340 x 55 x 69 135 NV 100 pN 21.50 2.90
sim8c  1NOR-S PCF 340 x 55 x 69 135 NV 200 pN 8.00 1.08
sim8d  1NOR-S PCF 340 x 55 x 69 135 NV 250 pN 8.00 1.08
sim8e  1NOR-S PCF 340 x 55 x 69 135 NV 300 pN 3.00 0.40
sim8f 1NOR-S PCV 340 x 55 x 69 135 NV 0.1 A/ps 2.40 0.32
sim8g  1NOR-S EQ 340 x 55 x 69 135 NVT - 15.60 2.10
sim8h  1NOR-S PCV 340 x 55 x 69 135 NV 0.01 A/ps 18.90 2.55

The overall computational effort involved 39 Ma-ns (Million atoms x ns) of simulation (see text). All simulations but one (sim6a) were performed
using the particle mesh Ewald method for the computation of long-range electrostatic interactions. Structures are labeled with the corresponding
PDB code where applicable, and with MOD for modeled structures. S denotes structures solvated in water and V denotes vacuum simulations;
EQ, PCV, and PCF denote equilibration, constant velocity, and constant-force SMD simulations, respectively. Ensembles are denoted
according to the thermodynamic quantity held constant (N, number of particles; p, pressure; T, temperature; V, volume; E, energy). Results of

vacuum simulations are discussed in the Supplemental Data.

2The structure simulated corresponds to the EC2 domain, including crystallographic ions.
bThe structure simulated corresponds to the EC2 domain, without crystallographic ions.
¢These simulations consisted of 1000 steps of minimization, 100 ps of dynamics with the backbone of the protein restrained (k = 1 Kcal/mol//f\z),

and the remaining time as free dynamics.

dThese simulations consisted of 100 steps of minimization and the remaining time as free dynamics.

to the stacking, so that 25-30 repeats form a superheli-
cal structure with a complete turn as shown in Figure
1B (Michaely et al., 2002; Groves and Barford, 1999;
Kajava, 2002; Main et al., 2003). Different ankyrin re-
peats within a single protein or in different proteins
have a rather conserved, but not identical, amino acid
sequence. The consensus sequence for various types
of ankyrin repeats is shown in Figure 1D. Multiple highly
conserved amino acids are involved in stabilizing the
structure through hydrogen bonds within each repeat
and between adjacent units (see Supplemental Data).
The structure also features a conserved hydrophobic
core formed by residues located in positions 6, 9, 10,
17,18, 20, 21, and 22 (see Figure 1D and Figure S5). A
less conserved loop linking adjacent repeats mediates
protein-protein interactions in some proteins with an-
kyrin repeats (Sedgwick and Smerdon, 1999; Bennett
and Chen, 2001; Mosavi et al., 2004).

Here we use steered molecular dynamics (SMD) (Is-
ralewitz et al., 2001a) to ask if either cadherin domains

in the tip link or polyankyrin domains in the transduc-
tion channel have elastic properties consistent with the
biophysically defined gating spring. We find, first, that
individual cadherin domains are very stiff for small
forces, and that forces of hundreds of piconewtons
cause their complete unfolding. On the other hand,
stacks of 12-24 ankyrin repeats form a molecular
spring that is reversible on a nanosecond timescale and
has a stiffness very close to that of the gating spring.
Moreover, forces just above the working range cause
unpacking of helices to extend the protein by nearly 10-
fold, which may serve as a safety release. We suggest
that the ankyrin repeats of TRPA1 and TRPN1 serve as
the gating spring for hair-cell mechanotransduction.

Results
The following section is based on the simulations sum-

marized in Table 1. Details of these simulations are
given in Experimental Procedures.
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Elastic Response of Cadherin
In general, cadherin repeats consist of about 110 amino
acids sharing a common folding topology, as shown
by structure-based sequence analysis (Shapiro et al.,
1995) and recent X-ray structures (Boggon et al., 2002).
The main component of the tip link, cadherin 23, is
made of 27 immunoglobulin-like repeats. No crystal
structure of any of the 27 repeats is available to date.
However, the structure of five extracellular repeats of
the C-cadherin ectodomain is available at 3.1 A resolu-
tion (Boggon et al., 2002). Sequence analysis revealed
that the second domain (EC2) of C-cadherin is most
similar in sequence (34% homology) to the consensus
sequence of cadherin 23. Although the elastic proper-
ties of the tip link will certainly depend on many different
structural details (dimerization, specific sequences, inter-
digitation, etc.; see, for instance, Zhu et al., 2003), its
elastic response should be mainly determined by the
elastic response of individual repeats, because the
straight geometry expected of cadherin 23 (Corey and
Sotomayor, 2004) distributes applied strain in parallel
with each repeat (in contrast, the helical geometry of
ankyrin distributes strain to angular interrepeat degrees
of freedom). The general architecture of the C-cadherin
repeats is characterized by a “Greek key” motif formed
by seven antiparallel § strands forming two 3 sheets
and a highly conserved calcium binding motif.
Following earlier work (Bayas et al., 2004), we have
performed several simulations of the EC2 domain in or-
der to see if the microscopic elastic response of this
cadherin module is compatible with the gating-spring
model of mechanotransduction. The structure of the
C-cadherin EC2 domain (1L3W), including crystallo-
graphically resolved Ca2* ions, was stretched in a con-
stant-velocity SMD simulation (Figure 2A; sim1b, v =
0.1 A/ps). The force versus end-to-end distance graph
features three force peaks of ~2240 pN, ~2050 pN,
and ~850 pN. The unfolding pathway is shown in Fig-
ures 2B-2H. First,  strands G and F (ochre and purple)
detached from the structure; followed by  strands D
and E (green); and finally B strands C, B, and A (tan,
orange, and blue). The Ca?* ions were found to interact
with highly conserved residues that stabilize the struc-
ture, likely causing the observed force peaks. Indeed,
detachment of strands G and F required, besides the
breakage of hydrogen bonds among 3 strands, the rup-
ture of a bridge formed by residue Asp134, a Ca?* ion,
and residue Asp195 (Figure 2D). The detachment of 3
strands D and E required the rupture of the bridge
formed by residue Glu119, a Ca®* ion, and residue
Asp180 (Figure 2F). Finally, detachment of 3 strands C,
B, and A required the rupture of the bridge formed by
residue Asp103, a Ca?* ion, and residue Asp136 (Figure
2G). All of these residues are highly conserved not only
in C-cadherin but in almost all 27 domains of cadherin
23 as well. The same unfolding pathway was observed
during a constant-velocity SMD simulation at one-tenth
the rate (v = 0.01 A/ps) with force peaks of ~1550 pN,
~1350 pN, and ~450 pN (sim1c, data not shown). The
observed detachment and unfolding of one [ sheet
while the other remains partially folded resembles the
unfolding pathway predicted for fibronectin type lll;
(Gao et al., 2003) and experimentally confirmed by Li et
al. (2004). The elastic response of cadherin was found

to be characterized by little change in the end-to-end
distance unless forces of several hundred piconewtons
are applied to unfold the domain (data not shown). How
does this response depend on the presence of calcium
ions? The structural relevance of Ca?* ions was further
tested in additional simulations in which the ions were
not present. An alternative unfolding pathway showing
two force peaks of significantly smaller magnitude was
observed (Figure 2A and Supplemental Data).

The characteristic sawtooth pattern and the magni-
tude of the unfolding force peaks observed for the EC2
cadherin domain with or without Ca?* ions present
seem to be incompatible with the elastic properties of
the gating spring. First, the gating spring should be
able to elongate over 100 A, whereas cadherin modules
seem to require unphysiologically large forces to unfold
and thus provide the required extension. Moreover, the
slow refolding timescale may be incompatible with a
gating-spring function of domains undergoing repeated
unfolding-refolding cycles. Second, the gating spring
should be a soft elastic element (k ~ 1 mN/m), while
individual cadherin modules show extreme stiffness dur-
ing constant-force SMD simulations (data not shown).
However, whether a rearrangement of 27 tip-link cad-
herin modules provides softer elasticity without requir-
ing unfolding of individual modules is a question that
remains open. Indeed, the crystal structure of five
C-cadherin ectodomains (Boggon et al., 2002) shows
a significant curvature that is reduced in simulations
applying weak stretching forces (data not shown). How
this behavior affects cadherin elasticity needs to be fur-
ther investigated using structural data of tip-link cad-
herin 23 currently unavailable.

Response of Polyankyrin Domains to Small Forces
In this section we attempt to answer the question of
whether ankyrin repeats are good candidates for the
gating spring in mechanotransduction. For this purpose
we use simulations of several ankyrin systems.

Twelve Ankyrin Repeats of Human Ankyrin-R

The elastic response of the largest crystal structure
available of a stack of ankyrin repeats (1IN11) to small
forces was monitored through its end-to-end distance.
A constant-force (100 pN) SMD simulation (Figure 3A;
sim3d) revealed that the end-to-end distance increased
from ~86 A up to ~150 A, a value that was rather sta-
ble over the last ~2 ns of the simulation. The overall
secondary structure of the protein did not change sig-
nificantly, but the curvature observed for the initial con-
formation of the 12-repeat stack did decrease during
the simulation. The spring constant corresponding to
the mechanical model that best matched the curve was
k =16.4 mN/m (see Experimental Procedures and Table
2). The associated friction constant y = 12.71 pNs/m
compares roughly with the friction constant y ~ 60
pNs/m for a globular protein of diameter 6 nm and
mass m ~ 100 kDa at 20°C (Creighton, 1993; Howard,
2001). However, the mechanical model did not repro-
duce well the end-to-end distance at early stages of
the simulation (less than 0.5 ns).

Twenty-Four Ankyrin Repeats of Human Ankyrin-R
The stack of 24 ankyrin repeats of human ankyrin-R
(e.g., MOD1, see Table 1) has been predicted to form a
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Figure 2. Unfolding of One Cadherin Domain

ASP136

(A) Force versus end-to-end distance for constant-velocity stretching, with crystallographic Ca?* ions (black, sim1b) or without (blue, sim2b).
(B) Initial structure and topology of the EC2 C-cadherin ectodomain. The seven (3 strands (A-G) are shown as thick arrows and are colored
blue, orange, tan, green (D and E), purple, and ochre. The positions of Ca?* ions are indicated by yellow circles. C,, atoms of the termini are

shown as red spheres and Ca?* ions as yellow spheres.

(C-H) Snapshots of the unfolding pathway for one cadherin domain, including crystallographic ions. The views show the EC2 domain of
C-cadherin in cartoon representation (same as in [B]) using the secondary structure of the unstretched protein. Specific residues and water
molecules surrounding the Ca?* ions are labeled and shown in licorice representation.

superhelical structure that may be even more compliant
than the stack of 12 ankyrin repeats in ankyrin 1N11.
Two constant-force SMD simulations were carried out
to probe the elastic response of MOD1 to small forces.
The chosen forces (Figure 4A; 25 pN in simulation
sim5b and 50 pN in simulation sim5c) are close to those
exerted on hair-cell transduction channels for medium
and large stimuli. The end-to-end distance during the
25 pN stretch SMD simulation increased from ~112 A
to a rather stable value of ~168 A within 10 ns of simu-
lation. The overall extension of ~56 A was found to be
caused by a change in the curvature of the structure.
No loose loops were present at the ends of the protein,
and neither unfolding nor detachment of individual re-
peats was observed. Moreover, there were no signifi-
cant changes in the secondary structure of different re-
peats (see Figures 4B and 4C and Figures S3Aa and
S3Ab). The end-to-end distance of the corresponding

mechanical model closely followed the observed end-
to-end distance over the whole trajectory and corre-
sponds to a spring constant of k = 4.08 mN/m. The end-
to-end distance during the 50 pN SMD simulation
(Figure 4A; sim5c) showed a similar behavior, and the
mechanical model matching the simulated end-to-end
distance corresponds to a spring constant of k = 4.72
mN/m. In both simulations, an increase in the temper-
ature of the system of up to AT = 28 K was observed
due to deposition of energy in the protein through
stretching. This temperature increase is shared with the
solvent surrounding the protein and may also affect the
value of the estimated spring constants.

The overall extension in the 50 pN stretch was again
caused by a change in curvature. The front and side
views of the structure at the end of the simulation (Fig-
ure 4D) illustrate the dramatic effect of the rather small
external force on the spatial conformation of the pro-
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Figure 3. Elastic Response of 12 Ankyrin Repeats in Water

(A) The end-to-end distance is shown for two constant-force SMD
simulations (sim3d and sim4b; see Table 1) performed on the sol-
vated crystal structure of 12 ankyrin repeats (13-24) of human an-
kyrin-R (Michaely et al., 2002). The N terminus of the protein was
fixed while the C terminus was stretched with a force of 100 pN
(red, sim3d) and 250 pN (blue, sim4b). The distance between C,
atoms of residues Pro430 and Thr780 (see Figure S3B) is shown in
green for the 100 pN stretching (sim3d). The initial and final confor-
mations of the structure (without water molecules) for the 100 pN
stretching are shown at the bottom in cartoon representation. Re-
peats are color coded according to their numbering, repeat 13 red
and repeat 24 blue. The surface of each structure is shown in trans-
parent gray. Intermediate and final structures for the 250 pN
stretching are shown within the plot.

(B) Stretching and relaxation of 12 ankyrin repeats for a constant-
velocity stretch (sim3b) and the subsequent release at constant
temperature (sim3c). The end-to-end distance is in red and the dis-
tance between C, atoms of residues Pro430 and Thr780 is in green.
The initial (equilibrated), elongated, and final (relaxed) conforma-

tein. In particular, the natural twist of each repeat rela-
tive to the preceding one was increased during the
stretch. Remarkably, the secondary structure of ankyrin
seems to be compatible with such drastic changes. Un-
folding or detachment of individual repeats was not ob-
served in either case (25 pN or 50 pN).

The predicted spring constants for the 24-ankyrin-
repeat structure are clearly smaller than for the 12-
ankyrin-repeat structure. Although elongation through
reduction of curvature was observed for both struc-
tures, the number of ankyrin repeats determined the
stiffness of the stack: the larger the number of repeats,
the softer the elastic response.

Seventeen Ankyrin Repeats of mmTRPA1

The simulations described above indicate that a large
stack of ankyrin repeats responds to small forces by
changing its curvature. However, neither of the struc-
tures mentioned above corresponds to the polyankyrin
domains in TRP channels that mediate mechanotrans-
duction processes. Is the elastic response of ankyrin
domains located in TRP channels the same as for hu-
man ankyrin-R? We studied the elastic response to
small forces of a model of the 17 ankyrin repeats
(MOD2) of mmTRPA1, recently suggested as part of the
mechanotransduction apparatus in mammals (Corey et
al., 2004).

Following model building and equilibration (see Ex-
perimental Procedures), two constant-force SMD simu-
lations (Figure 5B; sim7b and sim7c) were performed.
During simulation sim7b, the protein model (MOD2)
was stretched using a constant force of 25 pN. The end-
to-end distance increased from ~117 A to ~186 A. The
elongation was caused both by changes in the curva-
ture and by extension of loose loops at the ends of the
structure. In order to isolate the effect of the latter, the
distance between C, atoms of residues Pro5 and
Phe579 was computed. In this case the mechanical
model reproduced the elongation process accurately
for a spring constant of k = 5.96 mN/m. In simulation
sim7c, the protein was stretched with a constant force
of 50 pN. The end-to-end distance behavior and the
conformational changes were similar to the previous
case (Figures 5D and 5E). The distance between C,
atoms of residues Pro5 and Phe759 is reproduced by
a mechanical model with kK = 8.33 mN/m. The spring
constant obtained for 50 pN is ~40 % larger than for a
force of 25 pN, indicating a greater nonlinearity than in
the case of MOD1.

During the simulation of MOD2 we observed that res-
idue Pro333 breaks the second helix of repeat 10. Ori-
entation and curvature of the MOD2 backbone changed
near repeat 10, but packing of the repeats was con-
served. A calcium binding EF motif formed by the loops
between repeats 12 and 13 was also identified. Whether
these particular features of the ankyrin domain of
TRPAT1 are relevant for its mechanical function remains
to be elucidated.

tions are shown as in (A). The contour of each preceding configura-
tion is depicted by a solid line. Solid black curves in (A) and (B)
represent results for models of an overdamped spring of negligible
mass (see text and Table 2).
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Table 2. Parameters Used in Simple Mechanical Models of Ankyrin Repeats

Label Mass (kDa) ¥ (PNs/m) k (mN/m) 7 (ns) Xo (A) 1 (A) F (pN)
sim3d? - 12.711 16.4 0.775 86 — 100
sim3d® - 50.47 37.2 1.364 86 — 100
sim3c? - — - 0.815 117 39 -
sim3c® - - - 1.371 90 17 -
sim5b — 11.48 4.08 2.813 112 — 25
sim5c - 10.77 4.72 2.279 112 - 50
sim5e - — — 3.098 158 30 —
sim6c 221 1.01 15.30 0.066 140 — 75
sim6c¢® 22.2 0.30 16.08 0.018 140 - 75
sim6d 31.7 0.20 15.70 0.013 150 43 —
sim7b? - 5.53 3.58 1.544 117 — 25
sim7b¢ - 7.99 5.96 1.340 109 — 25
sim7¢c? - 9.09 5.44 1.671 117 — 50
sim7¢¢ - 12.75 8.33 1.530 109 — 50
sim8g - — — 3.668 91 98 —

Equations 4, 5, 6, and 7 were used along with the parameters shown to fit the corresponding end-to-end distances observed in simulations
denoted as in Table 1. Results of vacuum simulations are discussed in the Supplemental Data. As a reference, the friction (drag) coefficient
vy for a globular protein at 20°C, diameter 6 nm, and mass m ~ 100 kDa is y ~ 60 pNs/m (Creighton, 1993; Howard, 2001), the total mass of
24 repeats of human ankyrin-R is m ~ 83 kDa, and the estimated gating-spring constant in models of mechanotransduction is ~1 mN/m

(Howard and Hudspeth, 1988).
2End-to-end distance was modeled.

Distance between C, atoms of residues Pro430 and Thr780 was modeled.
©The value of the drag coefficient in this case was restricted to be less than 0.30 pNs/m.

dDistance between C, atoms of residues Pro5 and Phe579 was modeled.

The three proteins investigated, containing 12, 24,
and 17 ankyrin repeats, all responded to small forces
by changing their curvature rather than by unfolding
their individual repeats. Sequences are not identical for
repeats within one protein or between different pro-
teins; thus, the elastic response to small forces may be
a general property of polyankyrin domains.

Elastic Relaxation of Polyankyrin Domains

after Stretch

Is the deformation of polyankyrin domains reversible?
We performed multiple simulations where we explored
the reversibility of the deformation induced by small
forces on 12- and 24-ankyrin-repeat structures.

Two simulations (Figure 3B; sim3b and sim3c) were
performed for the 12-ankyrin-repeat case. First, the
structure 1N11 was stretched at constant velocity (v =
0.1 A/ps; sim 3b) for 0.75 ns. Then, velocities of all
atoms in the system were randomly reinitialized and the
system was permitted to relax without force applied for
5.25 ns at constant temperature (T = 300 K, all con-
straints eliminated; sim3c). The end-to-end distance of
the protein increased from ~86 A to ~161 A with force
applied, and then decreased to ~117 A with force re-
leased (Figure 3B). The ~45 A decrease in the end-
to-end distance demonstrates clearly that elongation
under stretching, characterized by a curvature change,
is partially reversible in a surprisingly short time (~5 ns).
However, the end-to-end distance did not decrease en-
tirely to its original value, likely due to distortions in the
loose ends. The average radius of curvature increased
from an initial value of R ~ 44 A to R ~ 71 A at the
end of the constant-velocity SMD simulation and then
relaxed to R ~ 54 A. Furthermore, rmsd values (see
Figure S2B) reveal that the protein also recovered its
initial local structure in 5 ns. The mechanical model that

best matched the overall end-to-end distance involved
a relaxation time t = 0.815 ns, consistent with the model
parameters for the simulation sim3d (Figure 3B; © ~
v/ k, see Table 2). To the best of our knowledge, this is
one of the first studies where a reversible protein exten-
sion has been seen in a molecular dynamics simulation
(see also Li et al., 2001).

Is the deformation induced by small forces also re-
versible for the 24-ankyrin-repeat structure? Two simu-
lations of MOD1 were performed to answer this ques-
tion (Figure 4E; sim5d and simb5e). During the first
simulation (1.2 ns) the structure was stretched using a
constant force of 100 pN. Then, velocities of all atoms
were randomly reinitialized and the system was equili-
brated for 24.3 ns at T = 300 K with all constraints elimi-
nated. The end-to-end distance (Figure 4E) increased
from ~112 A to ~193 A and then decreased to
~151 A. The overall decrease of ~42 A is remarkable
and in this case cannot be explained by movement of
loose ends. As for the 12-ankyrin-repeat structure, the
overall curvature of MOD1 was reduced during the con-
stant-force SMD simulation and then partially recov-
ered during the relaxation (Figures 4F-4H). The twist of
one repeat with respect to the preceding one also
showed an increase and subsequent recovery. Again,
the secondary structure of this protein model (MOD1)
did not show significant changes during the stretching
simulation or the ~24 ns relaxation (Figures S3Ad and
S3Ae). Although the mechanical model does match the
overall behavior of the end-to-end distance during re-
laxation, there are clear signs of richer dynamics involv-
ing multiple modes of oscillation (Figure 4E).

These results indicate that deformations induced by
small forces on 12 and 24 ankyrin repeats of human
ankyrin-R are highly reversible, even on short time-
scales. However, equilibration of the elongated MOD2
model containing the 17 ankyrin repeats of TRPA1
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Figure 4. Elastic Response of 24 Ankyrin Repeats in Water

(A) End-to-end distance for two constant-force SMD simulations performed on the solvated and equilibrated (sim5a) model of all 24 repeats
of human ankyrin-R (Michaely et al., 2002). The N terminus of the protein was fixed while the C terminus was stretched with forces of 25 pN
(blue, sim5b) and 50 pN (red, sim5c). Solid black curves represent results for models of an overdamped spring of negligible mass (see text
and Table 2).

(B) Front and side views of the initially equilibrated 24-repeat structure (sim5a).

(C and D) Snapshots of the 24-repeat structure at the end of constant-force simulations using forces of 25 pN and 50 pN.

(E) End-to-end distance for constant-force stretching (100 pN for 1.2 ns, sim5d) and subsequent relaxation for the 24 repeats of human
ankyrin-R (~24 ns, sim5e). The red curve represents a model assuming a massless overdamped spring.

(F) Side view of the 24-repeat structure elongated after applying a 100 pN constant force for 1.2 ns (simbd). The contour of the initial
configuration (as in [B]) is depicted by a solid black line.

(G) Side view of the 24-repeat structure after ~24 ns of relaxation (sim5e) as shown in (E).

(H) Front view of the structure after relaxation; different view of (G). The contour of the elongated structure in (F) is depicted by a black
line in (G) and (H). Repeats are color coded according to their numbering, repeat 1 red and repeat 24 blue. The surface of the protein is
transparent gray.

showed little recovery of its end-to-end distance, at Response of Polyankyrin Domains to Large Forces

least over 5 ns (data not shown). Perhaps the presence The simulations mentioned above described the elastic
of extra residues (loops) and a more heterogeneous se- behavior of stacks of 12, 17, and 24 ankyrin repeats
quence are responsible for this difference in elastic re- when stretched using relatively small forces. What is

sponse. the response of polyankyrin domains to larger forces?
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To answer this question, we stretched 1N11 with 12
ankyrin repeats, applying a 250 pN force (Figure 3A;
sim4b). The structure showed a first stage of elongation
similar to that in the 100 pN simulation (sim3d), and
then a second stage, in which unfolding and defrag-
mentation of the structure occurred. During stage one
the end-to-end distance increased from ~86 A to
~162 A; repeat 13 slightly detached from repeat 14, the
overall structure decreased its curvature, and the loose
loop at the end of repeat 24 became completely un-
folded. The plateau in the end-to-end distance at
~162 A marks the end of this stage (Figure 3A). During
stage two, repeat 13 unfolded, extending the structure
to ~260 A. The end-to-end distance briefly plateaued,
but then repeat 18 separated from repeat 19. The struc-
ture actually broke at this point, and two separated
stacks of ankyrin repeats were observed before further
unfolding occurred (Figure 3A). The breakdown of the
stack into two pieces seems to be compatible with pro-
teolytic maps that suggest the existence of four smaller
domains of six ankyrin repeats each in the human an-
kyrin-R protein (Michaely and Bennett, 1993).

When the 1N11 structure was stretched at constant
velocity (sim4c and sim4b; see Figure S2A), forces in-
volved in the first stage of elongation ranged up to 200
pN, whereas the second stage of elongation, involving
unfolding and detachment of repeats, generated 300-
400 pN forces. The range of the forces observed, how-
ever, may not be accurate, since the velocity assumed
(v=0.1 A/ps) is several orders of magnitude larger than
in analogous AFM experiments (lzrailev et al., 1997; Ev-
ans and Ritchie, 1997; Lu et al., 1998; Fisher et al.,
2000; Isralewitz et al., 2001b).

The second stage of 1N11 elongation was further ex-
plored in four constant-force and one constant-velocity
SMD simulations for the 1NOR structure containing only
four identical ankyrin repeats (Mosavi et al., 2002). Con-
stant-force SMD simulations were carried out using
forces of 100 pN (sim8b), 200 pN (sim8c), 250 pN

Figure 5. Model of TRPA1 (ANKTM1) An-
kyrin-Repeat Domain

(A) Root-mean-square deviation (rmsd) with
respect to the initial modeled structure dur-
ing 3.5 ns of equilibration (sim7a).

(B) End-to-end distance during constant-
force stretching (light blue, 25 pN, sim7b;
blue, 50 pN, sim7c). Distance between C,
atoms of Pro5 and Phe579 (light green, 25
pN, sim7b; green, 50 pN, sim7c). Solid black
curves represent mechanical models assum-
ing an overdamped spring behavior (see text
and Table 2).

(C) Equilibrated structure of 17 TRPA1 an-
kyrin repeats; repeats are color coded ac-
cording to numbering, the first red and the
last blue.

(D and E) Snapshots of 17 TRPA1 ankyrin re-
peats at the end of constant-force SMD sim-
ulations using 25 and 50 pN as in (B) (sim7b
and sim7c, respectively). The contour of the
initial configuration (as in [C]) is depicted by
a solid black line.

(sim8d), and 300 pN (sim8e). Metastable lengths of
~70 A, 155-180 A, and ~270 A were observed and
suggest that multiple steps of 90-100 A in the end-to-
end distance are expected to accompany sequential
unfolding of individual repeats.

The identification of intermediate states associated
with unfolding of individual repeats in the constant-force
simulations indicates that discernable force peaks may
appear in sufficiently slow constant-velocity stretches.
Indeed, a constant-velocity SMD simulation (Figure 6F;
sim8h, v = 0.01 A/ps) clearly shows two force peaks
(~350 pN) separated by ~97 A. The first force peak
coincides with the separation of the last o helix from
the stack (Figure 6G). Separation of the other o helix of
the last repeat and the unfolding of these two detached
o helices follows at lower forces (Figure 6H). The sec-
ond major force peak coincides with the separation of
the second o helix of the third repeat (Figure 6l), again
followed by unfolding of the rest of the third repeat (Fig-
ure 6J). The detailed analysis of the rupture of key hy-
drogen bonds and van der Waals contacts is discussed
in the supplemental data, Tables S1 and S2 and Fig-
ure S9.

These results indicate that polyankyrin domains re-
spond to large forces in two phases. A first stage of
elongation (the only stage for small forces) is charac-
terized by changes in the overall curvature of the pro-
tein; a second stage of elongation is characterized by
unfolding of individual repeats and rupture of the stack
of repeats.

Partial Refolding of Ankyrin Domains

One may now ask what happens to unfolded ankyrin
repeats when forces are switched off. To explore this
behavior, we performed two additional simulations with
the solvated 1NOR structure. First, a constant-velocity
SMD simulation (Figure S10; sim8f) was carried out in
which the last repeat and the first o helix of the first
repeat were completely unfolded. Then, velocities were
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Figure 6. Unfolding of a Four-Ankyrin-Repeat Structure

(A) End-to-end distance for constant-force stretching at 100 pN (black, sim8b), 200 pN (red, sim8c), 250 pN (green, sim8d), and 300 pN

(blue, sim8e).

(B-E) Snapshots of the initial equilibrated structure, of two intermediates, and of a final state as indicated through labels in (A).

(F) Force versus end-to-end distance (gray) for a constant-velocity SMD simulation (v = 0.01 A/ps, sim8h). A running average using a 1 ns
window is shown in black. Two major peaks separated by ~97 A are clearly discernable.

(G-J) Snapshots for intermediate states during the constant-velocity SMD simulation. Repeats are color coded according to numbering, the

first repeat red and the fourth repeat blue.

randomly reinitialized and the system was permitted to
relax without force for 15.6 ns at constant temperature
(T = 300 K; sim8g). The end-to-end distance decreased
during the relaxation from ~203 A to ~80 A, showing
a behavior compatible with a hydrophobic or entropic
collapse (see Fernandez and Li, 2004, and references
therein). The secondary structure as computed by
STRIDE (Frishman and Argos, 1995; Figures S10C and
S10D) reveals that partial refolding of the first o helix
occurred. Our mechanical model describing an over-
damped spring (see Experimental Procedures) predicts
a relaxation time of t ~ 3.7 ns for the collapse.

How does the unfolded part of the protein behave
after its collapse? The response to an external force F
can be roughly described by a model of an entropic
spring. For small forces, an entropic spring made of n
freely jointed segments of length b would have a spring
constant (Flory, 1969) of

3kgT

k~—/,
nb?

Fb << kgT 1)

The corresponding spring constant of a single un-
folded ankyrin repeat containing 33 amino acids (three
segments per amino acid of length ~1.4 A) is predicted
to be ~6.5 mN/m. The larger the number of ankyrin
repeats unfolded, the smaller the effective spring con-
stant.

The simulation of elongation due to large forces sug-
gests that ankyrin stacks can actually act as safety
elements (Howard and Bechstedt, 2004; Corey and So-
tomayor, 2004). In response to extreme stimuli the
structure unfolds one or more of its repeats. Then, the
entropic collapse restores the end-to-end distance on
a fast timescale while the unfolded domain still pro-
vides an appropriate elastic response to further upcom-
ing stimuli.

Discussion

The results of our simulations provide a close-up view
of the elastic response of cadherin and polyankyrin do-
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mains. While single cadherin domains respond with lit-
tle change in end-to-end distance to moderate forces
and require several hundred piconewtons to unfold, the
two phases of elongation found for polyankyrin do-
mains seem to be more suitable for a mechanical func-
tion as a hair-cell gating spring.

Indeed, the elastic response of polyankyrin domains
in the first stage of elongation is well reproduced by a
simple mechanical model of an overdamped linear
spring. The source of the harmonic response was iden-
tified as the change in curvature of the overall structure
for proteins containing 12, 17, and 24 repeats and, de-
spite 2-fold elongations, did not involve changes in the
secondary structure of the protein. A nonlinear re-
sponse, with a slight increase of the associated spring
constants for larger forces, may also be important for
their function. A stiffer response is indeed expected for
larger forces since compliance due to curvature is lost
when the structure becomes straight, and the protein
will eventually stretch up to a point where unfolding of
the stack of repeats is required. The working extension
of the hair-cell gating spring (10 to 20 nm) is in good
agreement with the changes in the end-to-end distance
observed for this first elongation phase in our SMD sim-
ulations of 24 and 17 ankyrin repeats. The predicted
spring constants (~5 mN/m or less) are also in reason-
able agreement with the gating-spring stiffness mea-
sured for hair-cell mechanotransduction (~1 mN/m).
The rapid reversibility of the deformation induced in this
first stage of elongation also supports the idea that
polyankyrin domains are flexible mechanical elements.
Simulations in vacuum (see Supplemental Data) con-
firm the astonishing flexibility and robustness of the an-
kyrin design as well as the suitability of mechanical
models of linear springs invoked to describe the elastic
response of polyankyrin domains.

The second phase of extension, characterized by un-
folding and rupture of individual repeats, requires larger
forces and longer times than elongation by change in
the curvature. It needs yet to be established whether
this conclusion is valid or not when the ankyrin repeats
are stretched using smaller velocities or when they are
bound to another protein. In any case, unfolding of indi-
vidual repeats can be easily identified through force
peaks in constant-velocity stretching (sawtooth pattern)
or steps in constant-force stretching, as both force
peaks and steps are separated by ~95 A. The end-to-
end distance of unfolded polyankyrin domains could
thus easily reach a maximum extension of ~2000 Aor
more while still conserving entropic stiffness and re-
versibility through entropic/hydrophobic collapse. Un-
folding of individual repeats represents an attractive
safety mechanism to protect against extreme stimuli.

All of these properties of the elastic response of poly-
ankyrin domains strongly support the idea that ankyrin
repeats in a transduction channel, rather than the tip
link, are a more suitable candidate for the gating spring.
The elastic response of our model of 17 ankyrin repeats
of TRPA1 gives further support to this hypothesis.
Moreover, the magnitude of the force peaks observed
when stretching single cadherin domains, with or with-
out Ca?*, is significantly larger (by a factor of > 10) than
the force required to stretch or unfold multiple ankyrin
repeats under the same simulation conditions. Although
our simulations have not discarded changes of the

overall shape of multiple cadherin domains as a source
of nonentropic elasticity, the immunoglobulin-like mod-
ules located in the tip link more likely act as a stiff
cable, whereas ankyrin repeats located in the cytoplas-
mic domain of TRP channels act as soft nonentropic
springs, much like the gating spring characterized bio-
physically (Corey and Hudspeth, 1983; Howard and
Hudspeth, 1988).

Certainly, all of our results are predictions that need
to be confirmed by experiments and through further
simulations employing refined models and perhaps
better crystallographic structures of both TRP ankyrin
domains and cadherin 23. Moreover, key shortcomings
of the molecular dynamics simulations must be consid-
ered, namely, the limiting nanosecond timescale and
poor sampling. For instance, force peaks for unfolding
ankyrin and cadherin are clearly overestimated due to
the high velocities utilized to stretch the proteins: un-
folding forces are more likely ~50 pN for ankyrin and
~300 pN for cadherin.

Further studies may also need to address how TRP
ankyrin domains are attached to intracellular struc-
tures, how cadherin 23 interacts with the transduction
channel and with itself (dimerization and interdigita-
tion), and what the molecular basis of ankyrin elasticity
is. While we successfully characterized the ankyrin
elastic response, the latter question remains open. Hy-
drophobic hydration may be an important source of
elasticity, as pointed out in Li et al. (2001). However, our
vacuum simulations excluded a major role of water and
indicate an intrinsic source of elasticity related to van
der Waals interactions between repeats. Indeed, the
nonentropic elastic properties of ankyrin related to
shape change in multiple repeats can be reproduced
by harmonic springs defined through typical Lennard-
Jones potentials acting in series.

Our findings have implications far beyond mechano-
transduction. For instance, ankyrin repeats and ankyrin
proteins have been thought to mediate protein-protein
interactions. Do they also play a mechanical role? In-
deed, the fact that spherocytosis in red blood cells is
related to mutations in human ankyrin-R suggests,
along with our results, that ankyrin proteins, and speci-
fically, human ankyrin-R, may exert elastic forces. An-
kyrin proteins may also play a role as mechanical isola-
tors of nanomechanical motion of the cell wall (Pelling
et al., 2004). Moreover, ankyrin proteins and ankyrin
repeats associated with ion channels could act as sen-
sors of temperature or ionic concentrations and,
thereby, control gating of various sensory receptors
(Schnatwinkel et al., 2004). The location of a calcium
binding EF motif on the 17 ankyrin repeats of
mmTRPAT1 is very suggestive in that respect.

Our results have implications in the field of protein
design as well. Indeed, ankyrin repeats have been suc-
cessfully utilized as models for design of synthetic pro-
teins and protein-folding studies (Binz et al., 2003;
Binz et al., 2004; Mosavi et al.,, 2002; Mosavi et al.,
2004; Mello and Barrick, 2004). Unfortunately, previous
studies have focused on ankyrin-repeat proteins con-
taining a rather small number of repeats with limited
elasticity from curvature; additional properties may
emerge from investigating extended repeat structures.

Finally, do other solenoid structures made out of re-
petitive units have elastic properties similar to those
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observed for ankyrin? Proteins made from leucine-rich
repeats (LRR); armadillo repeats; and heat repeats like
internalin, decorin, importin-f3, exportin, clathrin, or cat-
enin strikingly resemble the overall curved architecture
of ankyrin. Do they also perform a mechanical func-
tion?

Experimental Procedures

Simulated Systems

Five different structures were simulated under various external
conditions. The first derives from an extracellular domain of C-cad-
herin (PDB code 1L3W [Boggon et al., 2002]). Residues 102 to 214
forming the EC2 domain were included along with crystallographi-
cally resolved Ca?* ions (unless otherwise stated). This domain is
most similar in sequence to the consensus sequence of cadherin
23 (as revealed by sequence alignment performed using Clustal X
[Gibson et al., 1994], data not shown), the component of the tip link
in hair-cell bundles (Séllner et al., 2004; Siemens et al., 2004). The
structure of EC2 will be referred to as 1L3W.

The second structure derives from the largest crystallographic
structure of ankyrin repeats available to date, the 12 repeats of
human ankyrin-R (PDB code 1N11 [Michaely et al., 2002]). The
crystal structure contains repeats 13-24 of this protein along with
11 residues from its spectrin binding domain. The spectrin binding
domain was truncated before simulation and the resulting structure
is referred to as 1N11.

The third structure derives from a model of 24 repeats of human
ankyrin-R (Michaely et al., 2002), which will be referred to below
as MOD1. The model provided in Michaely et al. (2002) was con-
structed by examining the core contacts of the four helix bundles
between individual repeats; bundles which most closely mirrored
the core contact residues in individual bundles between repeats
1-13 were linked and distilled into a repeat stack (P. Michaely, per-
sonal communication). The resulting model of 24 repeats has been
improved for the present study by threading the primary sequence
onto repeats 1-13 using VMD (Humphrey et al., 1996) and by elimi-
nating four extra residues in the fifth repeat (see Figure S3B). Dur-
ing the threading procedure, the old backbone atom coordinates
were used for positions of backbone atoms of the new amino
acids. The old coordinates of side chain atoms named identically
to atoms of the new amino acid were used for positions of the new
side chain atoms. The position of the remaining atoms was
guessed using internal coordinates for each amino acid. A short
minimization of 1000 steps in vacuo was performed utilizing NAMD
(Kalé et al., 1999). From this resulted model MOD1.

The fourth structure derives from four identical engineered an-
kyrin repeats (PDB code 1NOR [Mosavi et al., 2002], see Figures 1A
and 1C). Crystallographically resolved ions were not included in
our simulations.

The last structure corresponds to a model of the ankyrin domains
of the mouse channel TRPA1. This protein is likely to be part of the
mechanotransduction apparatus in the inner ear of mammals
(Corey et al., 2004). Unfortunately, no crystal structure is available.
However, by analyzing its sequence using SMART (Letunic et al.,
2004) and by performing a sequence alignment among the repeats
themselves using Clustal X, 17 ankyrin repeats were identified and
included in a structural model (see Figure S4). The model was built
based on three assumptions: (1) the three-dimensional structure of
individual ankyrin repeats, highly conserved despite variations in
sequence, can be used as a template for the model; (2) extra resi-
dues according to the sequence alignment can be modeled as
loops; and (3) all 17 repeats pack together in a single stack. Based
on these assumptions, the primary sequence of the identified an-
kyrin repeats on TRPA1 was threaded onto repeats 8-24 of an
equilibrated (sim3a, see below) configuration of MOD1. Residues
missing according to the sequence alignment were eliminated from
the structure. The threading procedure was followed as described
above, and extra residues were included as simple loops. The re-
sulting structure was minimized in vacuo for 1000 steps. The pre-
dicted structure, for which uncertainties are large, will be referred
to below as MOD2.

The corresponding structures (1L3W, 1N11, MOD1, 1NOR, and
MOD2) were spatially aligned such that the vector joining the C,
atoms of the terminal residues was oriented along the x axis. The
aligned proteins were then solvated (where applicable; see Table 1)
using the VMD plugin Solvate. The VMD plugin Autoionize was
used to place counterions to neutralize systems in the case of sim-
ulations that employed periodic boundary conditions and the PME
method (see below) for electrostatic forces. Residues Asp, Glu,
Lys, and Arg were assumed to be charged throughout the proteins.
The protonation state of His residues was chosen by favoring the
formation of evident hydrogen bonds.

Molecular Dynamics

Molecular dynamics simulations were performed using the pro-
gram NAMD 2.5 (Kalé et al., 1999) and the CHARMM27 force field
for proteins (MacKerell et al., 1998) along with the TIP3P model for
water molecules (Jorgensen et al., 1983).

A cutoff of 12 A (switching function starting at 10 A) for van der
Waals interactions was assumed. Periodic boundary conditions
were used in all but one simulation (sim6a); sizes of the periodic
cell are indicated in Table 1. Distances between periodic images of
the protein were greater than 20 A in all cases. The particle mesh
Ewald (PME) method was used to compute long-range electro-
static forces without cutoff in all simulations but one (sim6a). The
density of grid points for PME was at least 1/A% in all cases.

An integration time step of 1 fs was used, permitting a multiple
time-stepping algorithm (Grubmiiller et al., 1991; Schlick et al., 1999)
to be employed in which interactions involving covalent bonds
were computed every time step, short-range nonbonded interac-
tions were computed every two time steps, and long-range electro-
static forces were computed every four time steps. The use of a
multiple time-stepping algorithm allowed us to improve the perfor-
mance of the simulations by a factor of two and, thus, reach the
multinanosecond timescale required to observe structural relax-
ation of the protein structures.

Langevin dynamics was utilized to enforce constant temperature
(T = 300 K) conditions (see Table 1). The Langevin damping coeffi-
cient was set to 1 ps~'. This value was chosen to speed up confor-
mational changes of the structures by reducing the solvent viscos-
ity. Constant-pressure simulations (i.e., in the NpT ensemble) at 1
atm were conducted using the hybrid Nosé-Hoover Langevin pis-
ton method with a decay period of 200 fs and a damping-time con-
stant of 100 fs.

Analysis Tools and Mechanical Models
In order to monitor the structural deformation of the proteins, their
root-mean-square deviation (rmsd) was computed using VMD
(Humphrey et al., 1996) and coordinates saved every picosecond.
The crystallographic structures served as the reference points
when available; otherwise, the initial conformations were used as
the reference point. Only positions of protein backbone atoms were
compared. End-to-end distances were computed as the distance
between the C, atom of the N-terminal residue and the C, atom of
the C-terminal residue unless otherwise stated.

The average radius of curvature for structures 1N11 and MOD1
in different conformations was computed in three steps. First, a
three-dimensional interpolation over the coordinates of C, atoms
of residues located in position 7 (Figure 1D) was performed. The
curve obtained from the interpolation and described by r(s) was
then used to compute the radius of curvature R along the path
length s according to

i x |

i

2

=

where dots denote derivatives with respect to s. The third and final
step consisted of averaging the values obtained along s to obtain
an estimate of the overall curvature R.

Mechanical models of a simple spring in a viscous environment
were utilized to rationalize the end-to-end distances monitored in
our stretching and relaxation simulations. The equation governing
the position y(f) = x(t) — xo of a mass m connected to a spring of
constant k and rest length x, with damping coefficient y used for
the mechanical model is
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where F is an external force acting also on m. The solution in the
strong friction limit (m ~ 0) for a constant stretching force F is

xt)=xg+—(1—exp| —— 4)
k ¥

which satisfies the initial (t = 0) condition x = x,. The corresponding
solution describing relaxation in the force-free (F = 0) case is

kt
X(t) =Xxo+1exp (—7) (5)
Y

where [/ represents the initial extension of the spring.
The solution of Equation 3 for an underdamped motion (y < 4mk)
and constant stretching force F is

X(t) = X, +F 1—ex ot rsin(t) + cos(wt) (6)
= — - - —— W
°Tk P\ 2m) \Vamk— 2

where w = Vk/m — v?/4m? and the solution satisfies the initial con-
ditions x = x, and dx/dt = 0.

The corresponding solution describing relaxation in the force-
free case for initial conditions x = xo + / and dx/dt = 0 is

Xx(t) =X+ x exp (—%) <% + cos(wt)) )

The mechanical models represented by Equations 4, 5, 6, and 7
were matched to the end-to-end distances monitored in our SMD
simulations. From the match resulted values for m, y, and k when
applicable, as summarized in Table 2. For the matching we em-
ployed the Levenberg-Marquardt algorithm.

Summary of Simulations

A summary of all simulations is presented in Table 1. Each solvated
structure was equilibrated in the constant number, pressure, and
temperature (NpT) ensemble, and the resulting state was utilized to
perform subsequent SMD simulations. Equilibration results for
each structure and settings of different SMD simulations are dis-
cussed in the Supplemental Data.

Supplemental Data
Supplemental Data for this article can be found at http://www.
structure.org/cgi/content/full/13/4/669/DC1/.
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