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ABSTRACT Titin, a 1-um-long protein found in striated muscle myofibrils, possesses unique elastic and extensibility
properties in its I-band region, which is largely composed of a PEVK region (70% proline, glutamic acid, valine, and lysine
residue) and seven-strand p-sandwich immunoglobulin-like (Ig) domains. The behavior of titin as a multistage entropic spring
has been shown in atomic force microscope and optical tweezer experiments to partially depend on the reversible unfolding
of individual Ig domains. We performed steered molecular dynamics simulations to stretch single titin Ilg domains in solution
with pulling speeds of 0.5 and 1.0 A/ps. Resulting force-extension profiles exhibit a single dominant peak for each Ig domain
unfolding, consistent with the experimentally observed sequential, as opposed to concerted, unfolding of Ig domains under
external stretching forces. This force peak can be attributed to an initial burst of backbone hydrogen bonds, which takes place
between antiparallel B-strands A and B and between parallel g-strands A’ and G. Additional features of the simulations,
including the position of the force peak and relative unfolding resistance of different Ig domains, can be related to
experimental observations.

INTRODUCTION

The giant muscle protein titin, also known as connectin, igamic acid and lysine residues. Among titins expressed in
a ~30,000 amino acid long filament that spans half of thedifferent muscle tissues, both the lengths of PEVK regions
sarcomere and plays a number of important roles in muscland the number of Ig domains composing the tandem re-
contraction and elasticity (Labeit et al., 1997, Maruyama,gions vary greatly. Lengths of PEVK regions range from
1997; Kellermayer and Granzier, 1996; Wang et al., 1993)163 residues in cardiac titin to 2174 residues in skeletal
During muscle contraction, titin, which is anchored at thetitin; the number of tandem Ig domains ranges from 37 in
Z-disk and at the M-line, exerts a passive force that keepsardiac titin to 90 in skeletal titin (Labeit and Kolmerer,
sarcomere components uniformly organized. The passivgggs).
force developed in titin during muscle stretching restores To understand titin’s function as a molecular spring,
sarcomere length when the muscle is relaxed. Titin is comrecent work has involved direct observations of titin's re-
posed of~300 repeats of two types of domains, fibronectin sponse to applied force. Atomic force microscope (AFM)
type lll-like (Fn-3) domains and immunoglobulin-like (19) (Rief et al., 1997) and optical tweezer (Kellermayer et al.,
domains, and the PEVK (70% proline, glutamic acid, va-1997; Tskhovrebova et al., 1997) experiments directly mea-
line, and lysine residue) region (Labeit and Kolmerer,s e the force extension profile of single titin molecules. In
1995). The Fn-3 domains are located only in the A-band oby AFM experiment (Rief et al., 1997), a single titin mol-
the molecule, the PEVK region is located in the I-band, andyyle was stretched at constant speed, the force-extension
t_h_e Ig domains are distributed along the whole length Ofprofile showing a sawtooth-like pattern with25 nm spac-
ttin. ) N ) _ing between the force peaks. The same experiment also
The region of itin chated n _the sarcomere I-band isj61yeqd stretching of an eight Ilg domain and a four Ig
believed to be responsible for titin’s extensibility and PaS-4omain section of the I-band of titin, and convincingly

sive elasticity (Erickson, 1994, Linke et al., 1996; Granzierd :
. . demonstrated that every force peak corresponds to a single
et al., 1996; Greaser et al., 1996). The I-band region of tlthg domain unfolding y P P g

consists mainly of two tandem regions of Ig domains, sep- These experiments, along with data from immunofluores-

arated by the PEVK region. The Ig domains each form . . :
_sandwich structures. but the PEVK reaion does not holdF€N¢e electron microscopy experiments (Linke et al., 1996)
B ' 9 hat track the lengths of different sections of titin during

a stable conformation, because of the charges on its gluéxtension, provide a detailed picture of titin’s response to

forced elongation (see Fig. 1). Under small extensions past
the resting length, the tandem Ig domains straighten from a
: ““randomly aligned state to a taut aligned state, with each
Address reprint requests to Dr. Klaus Schulten, Department of Physicsy, ain jtself still folded. At medium extensions, the PEVK
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kschulte@ks.uiuc.edu. extended state. At further extensions, the tandem Ig do-
© 1998 by the Biophysical Society mains unfold one by one, increasing the titin length by
0006-3495/98/08/662/10  $2.00 ~300 A for each unfolded domain. Titins expressed in
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FIGURE 1 Cartoon of titin I-band function. (Actual T ny BB 7
I-band contains 41 Ig domains (Rief et al., 1997).) Ig A 127
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different muscle types differ in passive forces exerted ovefe.g., in Karplus and Sali, 1995). These studies utilized a
physiological extension ranges; these are likely determinedariety of techniques to decrease the computation time
by differing lengths of the tandem Ig and titin PEVK do- needed to observe unfolding, such as highly elevated tem-
mains. Extensions of titin long enough to cause Ig domaingperatures at constant volume (e.g., Li and Daggett, 1996;
to unfold are not sure to occur during normal extensions irTirado-Rives et al., 1997), or elevated pressure and appli-
skeletal muscle, but are likely to occur around the physiocation of radial forces (Hunenberger et al., 1995). The
logical limits in cardiac titin (Granzier et al., 1997). unnatural conditions employed may have influenced the
Several important features differentiate Ig domains in theunfolding pathway explored by simulations. In this study,
I-band region from those in other regions of titin. The Ig the forces applied are intended to accelerate the unfolding of
domains in titin I-band all share Similar, stable folds with |g domains, while f0||owing the actual forced unfo|ding

high homology (Politou et al., 1994; Pfuhl et al., 1995; pathway in functional muscle and in experiments.
Pfuhl and Pastore, 1995; Improta et al., 1996). The domains

are made up of a smaller number of amino acids, and
contain shorter loops betwegdistrands, than do other Ig
domains. The Ig domains appearing in tandem are directl
connected to each other, with no intervening linker se-
quences between them.

The experimentally solved 127 domain belongs to one of
the two tandem Ig sections in titin I-band. This domain
adopts the typical I-frame immunoglobulin superfamily fold
(Politou et al., 1995; Harpaz and Chothia, 1994), consisting
of two B-sheets packing against each other (Figy,2with
each sheet containing four strands. The first sheet comprise
strands A, B, E, and D, the second sheéf &, F, and C
(Fig. 2b). All adjacentB-strands in both sheets are antipa-
rallel to each other, except for the parallel pair @&d G.
The B-strands A and Abelong to different sheets, but are
part of the N-terminal strand, with A-bulge turn at Gla
and Ly$ (Chan et al., 1993). The structure is stabilized by
hydrophobic core interactions between the fveheets and
by the hydrogen bonds betweg@nstrands.

Experiment has not yet resolved the details of unfolding
of a single Ig domain, or explained the structure-function
relationship of Ig domains. Computer modeling can help toFIGURE 2 @) Secondary structure of the cardiac titin 127 immunoglob-

reveal this relationship through an atomic-level descriptiort!in domain from NMR data (Improta et al., 199G)-sheets are colored
ff ind d titin d . foldi differently, with sheeA B E D in green and sheet’AG F C inorange. )

0 orge-ln uced titin domain unfoiding. . . Schematic view of allg-sheets and backbone hydrogen bondsttéd

During the last several years, molecular dynamics Simutineg between adjaceng-strands. This figure was created with VMD

lations of unfolding solvated proteins have been reportedHumphrey et al., 1996).
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The steered molecular dynamics (SMD) technique resystem were harmonically restrained to their original positions to maintain
cently introduced (lzrailev et al., 1997, 1998; Evans ancthe shape of the water bubble. This was followed by 30 ps of free dynamics

i . . : . without constraints or heat bath, but with harmonic restraints of the outer
Ritchie, 1997, Balsera et al., 1997; Grublfeuet al., 1996; water molecules still maintained. The free dynamics run exhibited a tem-

Leech et al"_1996) is perfectly .Sl'"t.ed to such study. SMDperature fluctuationfos K and an RMSD 61 A from the backbone of the
methods, which involve the application of external forces toNMR structure (Improta et al., 1996). Finally, 2 ps of free dynamics was
molecules in molecular dynamics simulations, have alreadyerformed, with no harmonic restraints set. The same procedure was also
been used to describe several ligand-protein interactioné‘!oli’“ef'1 to _SO'VIat? the '23f domg"n-” — Gl
e.g., biotin-avidin (Izrailev et al., 1997), retinal and bacte- " the simulations performed, all atoms, including waters and all hy-

. . . . . drogens, were modeled explicitly, with each system containiid,000
rioopsin (Isralewitz et al., 1997), phosphate and actin (Wrig-oms. The simulations were performed with a time step of 1 fs, a uniform

gers and Schulten, manuscript in preparation), and lipid andielectric constant of 1, and a cut-off of Coulomb forces with a switching
phospholipid A (Stepaniants et al., 1997). Here the SMD function starting at a distance of 10 A and reaching zero at 13 A.
method is extended to examine the unfolding of an entire SMD simulations were carried out by fixing one terminus of the

protein domain, an unfolding that is caused in vivo and inde™an: and applying exteral forces (o the other terminus. The forces
were applied by restraining the pulled end harmonically to a restraint point

vitro by external forces, albeit on a longer time scale than,q moving the restraint point with a constant veloaitjn the desired
that covered by SMD. direction. The procedure is equivalent to attaching one end of a harmonic
spring to the end of the domain and pulling on the other end of the spring,
and is similar to the procedure performed upon whole titin and Ig repeats
METHODS in AFM experiments (Rief et al., 1997), except that the pulling speeds
) ) . ) . ) adopted in the simulations are six to eight orders of magnitude higher than
The molecular dynamics simulation of stretching fitin Ig subunits was sse in the experiments. Force-induced unfolding processes with several
carried out with the programs XPLOR (Brger, 1992) and NAMD (Nel-  cpoices of pulling positions were simulated. For each domain (127, 128),
son et al., 1996), with the CHARMM19 force field. The simulations started y,,,o pulling speeds were applied, 0.5 A/ps and 1 A/ps. For this purpose one

from an experimentally solved Ig domain, 127 of the I-band of cardiac titin, g (G, of Leut in 127, Prd in 128) of a domain was fixed, and the other
using the energy-minimized average NMR structure (Improta et al., 1996)g,4 (G, of GIU®®in 127, Let® in 128) was pulled.

deposited as entry 1TIT in the Brookhaven Protein Data Bank (Bernstein The forces experienced by the, @tom of a pulled residue are
et al., 1977).

To identify important conserved unfolding features among Ig domains, F = k(Vt _ X). (1)
SMD simulations performed on Ig domains 127 and 128 were compared.

All g domains in the I-band have highly homologous amino acid Herex s the displacement of the pulled atom from its original position, and

sequences. Currently 127 is the only I-band Ig with an experimentallyy js the spring constant. The pulling direction was chosen along the vector
solved structure and hence was selected for investigation. However, othfom fixed atom to pulled atom. To ensure that the direction of pulling did
Ig domain structures can be built by means of homology modeling. Thisyot affect the unfolding process, an 127 unfolding simulation was con-
approach was applied to 128, the Ig domain immediately adjacent to 127q,,cted by fixing G and pulling on &, and another was conducted by
which shows 47% homology and 25% identity with 127 (Fig. 3). Adopting pyling on G and C28in opposite directions along the line connecting these
the alignment suggested by Improta et al. (1996), homology modeling ohtoms.
128 was performed based on the 127 backbone structure, followed by The SMD simulations presented are referred to below in the form
minimization to yield a sufficiently stable structure for MD simulation. (terminal pulled)-(Ig domain number)-(pulling speed in A/ps). For exam-
From this resulted an 128 structure with backbone atom coordinate RMSQ“e’ C-28-1.0 represents a simulation pulling on the C-terminal of 128 at a
of 1.8 A relative to equilibrated 127. speed of 1.0 A/ps. The value df (see Eq. 1) was set at IQT/A2

The structure of 127 was solvated with the TIP3P model for water corresponding to a spatial (thermal) fluctuation of the constraineait@n
(Jorgensen et al., 1983) before SMD simulations. A cube was constructegf sy = /keT/k = 0.32 A atT = 300 K. The simulations with the values
from 64 identical templates of water molecules provided by AMBER 4.1 f i andv chosen here correspond to pulling with a stiff spring in the drift
(Pearlman et al., 1995). Each template consisted of 216 Monte Carloregime (Evans and Ritchie, 1997; Izrailev et al., 1997; Balsera et al., 1997).
equilibrated water molecules. The Ig domain was placed in the center of thgq realize a movement of the restraint point with nearly constant velocity,
water box, and all water molecules more than 31 A from the center of thehe position of the restraint point was changed every 100 fgAbyFor the

protein, within 2.6 A of the protein surface, or within the volume occupied force-extension curve, as shown in Fig. 5, the force was calculated accord-
by the protein were deleted. The resulting structure, 127 surrounded by g 1o Eq. 1.

water bubble, has the protein surface covered everywhere by at least four
shells of water molecules.

The water-protein system was gradually heated over 10 ps to 300 KRESULTS
then equilibrated with a thermal bath at 300 K for another 10 ps. During

this process the water molecules composing the outer 3-A shell of th%ix SMD simulations of titin unfolding were performed
(listed in Table 1). All simulations began with an equili-
brated folded structure and were stopped when a fully

1 10 20 20 extended polypeptide was produced. In the following, the
127 LI EVEKENY GRUEYESY GE TEYH[E! [HLEJEP DV . . . . . .
128 PLI FI Ts DEK_EKQEEKCV REPK simulation chiefly discussed is C-27-0.5, the extension of
3 0 50 60 127 with pulling speed 0.5 A/ps, which was stopped at an
127 HGOWKLKGEIPLEASPDCH! EpPReiKLaEN L1 L H H H
128 TF n;EL KG TEE 1lGpoR FLHK DG Ts MV extension of 285 A, after 578 ps of S|mu'lat|on.'The feg?ures
G 70 B0 I of this simulation are seen in all other simulations. Initially
127 HNCQLGMTGEV SQA NAKSAA NK VKEL the C-terminal and the N-terminal strands extend gradually
28 KSAAFEDEAKYM[FEELEDKHTSGK[]I | EGI

while loops BC and CD, which both connect the two

FIGURE 3 Alignment of cardiac titin Ig domains 127 and 128. In each B-Sheets, also pecome extended (Fig) 4At this time, the '
column, gray shading indicates homology, inverse text indicates identitytwo 3-sheets slide away from each other, but each maintains
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TABLE 1 Characterization of SMD simulations

Force peak Extension at
Simulation g domain Pulled AA (terminus) Fixed AA Speed (pPN) force peak (A)
C-27-0.5 127 GI&® (C) Led 0.5 2040 14.6
C-27-1.0 127 Gl (C) Leudt 1.0 2440 18.8
N-27-1.0 127 Led (N) Glu® 1.0 2360 16.3
NC-27-1.0 127 Led and GIF® (N, C) None 1.0 2318 18.8
N-28-0.5 128 Le®® (C) Prdt 0.5 2082 16.7
N-28-1.0 128 Le@® (C) Prdt 1.0 2554 19.8

AA, Amino acid.

a stable structure as well as its intrasheet backbone hydramnfolds (Fig. 4c) and the strands unravel one by one, with
gen bonds. As the pulling process continues, reaching astrands E and D the last to unfold. At an extension of 260 A,
extension of the domain ef14 A, the structure within each the domains are completely straightened and unfolded (Fig.
sheet begins to break: in thé BFC sheet, strands’and G 4 d).

slide past each other; in the ABED sheet, A and B slide past Fig. 5 shows the force-extension profile for the C-27-0.5
each other (Fig. 4). This motion marks the beginning of simulation. Initially, the force applied by the external spring
the Ig domain collapse, after which the domain graduallyincreases until the extension reacheg4 A, where the

FIGURE 4 The intermediate stages of pulling simulations. The protein domain 127 (residues 1-88) is drawn in cartoon representation with the two
B-sheets presented in different colors, and water molecules are drawn in line represerdatRegion |, preburst, at extension 10 A) (Region I,
immediately after the major burst, at extension 17d.Region IlI, postburst, at extension 150 &) Region 1V, fully extended domain, at extension 285

A. The bar at the lower left corner of each figure represents 10 A. This figure was created with VMD (Humphrey et al., 1996).
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TABLE 2 Backbone hydrogen bonding pairs of 127

Connected residues Extension at breakage

B-strand partners (atoms) A
A'G Tyr’(O)—AsrP3(H) 14
2000 Valll(H)—Asn'33(O) 15
Val'{(0)—Lys®5(H) 14
- Val*¥(H)—Lys®%(0) 15
%_ 1500 Val*¥3(0O)—Lys*"(H) 14
i Val®(H)—Lys®"(0) 14
8 AB LysS(H)—GIu?4(0) 9
£ 1000 Lys®(0)—GIu?4(H) 13
FG GIYPO(H)—LelB40) 43
, Gly*%(O)—Lel?Y(H) 41
500 : Vali(H)—Ala®%(0) 37
i Val}(0)—Ala®2(H) 35
0 : CF GIP3(H)—GIn"4(0) 43
0 50 100 150 200 250 300 GIN*3(0)—GIn"4(H) 57
i Lys®*®(H)—Ser?0) 77
extension (A) Lys*3(0)—Sef%(H) 106
BE Ala*®(H)—Leu’%0) 48
FIGURE 5 Force extension profile of SMD simulations for 127 with a Ala*®(0)—Lelfo(H) 66
pulling speed of 0.5 A/ps. The extension domain is divided into four Ph&*(H)—Leuw’¥0) 72
regions: |, preburst; Il, major burst; Ill, postburst; IV, pulling of fully Ph&}(O)—Lew’(H) 102
extended chain. lle?3(H)—His®%(0) 132
lle?3(0)—His*%(H) 141
Lel?(H)—Lys>(0) 136
8 59
force peaks at-2000 pN. The force then drops rapidly to bE g,l;isgg))_llllzsggg)) ;gg
1500 pN within 3 A and drops further by an additional 300 11e5%(H)—11e57(0) 202
pN at an extension of-22 A. With further stretching, the 11e5%(0)—I1e5(H) 109
force drops gradually, reaching 700 pN at 60 A, then re- Asp™(H)—Lys*(0) 104

mains relatively constant until an extension of 260 A, whererydrogen bond pairs with residue and participant atoms listed. O is
the force begins to increase again_ Beyond 260 A, the fully)ackbone oxygen and H is the backbone hydrogen connected to N. Pairs
unfolded polypeptide is being stretched. were selected if the NH-O distani:g was stab_ly less than 3.5 A and the
The unfolding process can be divided into four regions: I)NH-O gngle was smaller than 45° in the equilibrated I2_7 structure. The
i X i i .~ /extension point of a breakage was recorded as the point when the H-O
preburst, from 0 to 10 A, during which the protein maintains;pieraction energy exceededs.0 kcalimol.
B-sheet structure and the external force remains smaller
than 1500 pN; I1) main burst, from 10 to 17 A, during which
the secondary structure begins to break down; Ill) postburssimultaneously, the rupture coinciding with the peak of the
from 17 to 260 A, during which the protein unravels; 1V) unfolding force shown in Fig. 5. Fig. 7 compares the hy-
fully extended 260 A), during which the polypeptide drogen bonding in two pairs @-strands, strands’fand G
chain approaches its maximum length. Simulation C-27-1.0(involved in the initial burst) and strands G and F (not
with the faster pulling speed of 1 A/ps, results in a similarinvolved in the initial burst), during the C-27-0.5 simula-
series of processes and a similar force-extension profilgjon. In the initial structure, sheet structures exhibit stable
with a slightly higher peak value of 2440 pN during the hydrogen bonds. The hydrogen bonds are maintained well
main burst. in the preburst region (l); however, in the postburst region
Other simulations showed similar features of the unfold-(Ill), all hydrogen bonds between’Aand G are broken,
ing process and force profiles with only small variations inwhereas those between F and G are maintained.
force peak value and degree of extension at the force peak. Once the A/G and A/B hydrogen bonds are broken, the
The results are summarized in Table 1. protein unfolds rapidly; this later unfolding is relatively
Observation of hydrogen bond participants revealed thasmooth. The third stage of unfolding is dominated by fric-
127 unfolding resistance under external forces can be attribional forces and involves changing the water bubble shape,
uted to interg-strand, intraB-sheet backbone hydrogen as well as breaking individual intgd-strand hydrogen
bond breaking. Table 2 presents the backbone hydrogemonds, i.e., backbone hydrogen bonds break one by one
bonds from differenp-strands and their involvement in the instead of in clusters, as in the main burst region. After the
unfolding process. The distances between hydrogen bonghain burst, when the domain begins to unfold, the hydro-
participants of differenB-strands during the unfolding are phobic core region gradually becomes exposed to water and
shown in Fig. 6. In region I, all hydrogen bonds remain destabilizes.
stable, i.e., the domain maintains fissandwich structure. Analysis of the energy between hydrogen bonding atoms
At a slightly larger extension, the hydrogen bonds betweemprovides a complementary view of the unfolding process.
strands A and B and between strandsasfid G break nearly Fig. 8 presents individual interaction energies of the hydro-
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We have also monitored the solvent-accessible surface
area of hydrophobic and backbone residues during the SMD
unfolding process, as shown in Fig. 10. The accessibility of
hydrophobic residues increases from 2060td~ 7000 A2.

The increase is rather uniform during the first 80-A exten-
sion and, in particular, does not reflect the burst event at an
extension of 14 A. The accessibility of backbone residues,
however, reflects unfolding events more closely. The curve
shows a plateau in the preburst region I, from 0-10 A
extension, which implies that the backbone structure is
stable in this region. At larger extensions (10—80 A), the
accessible surface exhibits a linear increase; a second linear
increase with smaller slope arises for 80—285 A extension;
the reduced rate of solvent exposure is likely due to the fact
that the inner faces of thg-sandwich have become com-
pletely exposed at 80 A extension.

250 \distance

extension (A) 250 DISCUSSION

FIGURE 6 Individual distances versus extension for interstrand hydro/APPlied force experiments (Rief et al., 1997; Kellermayer et
gen bond pairs in simulation C-27-0.5. Bond pair distances are grouped b@l., 1997; Tskhovrebova et al., 1997) have elucidated the
B-strand pairs, ordered from far to near according to the ordering in Table 2chief design requirements for titin I-band Ig domains under
extreme stretch conditions: they must unravel one by one,
and must increase the length of titin at each unraveling
gen bond pairs in 127. One can discern features similar t@vent by a set amount without affecting the stability of those
those in Fig. 6, depicting the hydrogen bond distances. Figdomains that still remain folded. The aim of the present
9 shows the total interaction energies of atoms involved irpaper is to explain, on the basis of atomic-level simulations,
hydrogen bonding. One can recognize a sharp increas®w the architecture of titin’s Ig domains controls extension.
occurring around an extension of 14 A. Comparison with At small extensions of titin, when the link regions are
the force-extension peak in Fig. 5 strongly suggests that thpulled taut to form a straight chain, all |g domains are at
backbone hydrogen bonds make up the most importartheir resting contour length of40 A. This regime, most
component of the force profile recorded. prevalent in muscle action, has not been covered by our

FIGURE 7 Hydrogen bonding structure gfstrands A, G, and F of 127. §) At 0-A extension (initial structure).b) At 10-A extension (preburst
structure). €) At 17-A extension (postburst structure). Hydrogen bonds are drawn as dotted lines; broken hydrogen bonds are drawn as dashed lines.
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FIGURE 8 Individual interaction energy versus extension for interstrand 0 % 10 e o = 300

hydrogen bond pairs in simulation C-27-0.5. Energies are grouped by

B-strand pairs, ordered from far to near according to the ordering in Table 2. extension (A)

FIGURE 10 Surface accessible area versus extension in simulation

d L h h hi f titin f f C-27-0.5. Apolar residue surface area and protein backbone atom surface
escription. Rather, the stretching of titin for stronger OrCe€Syrea are plotted against extension. The four regions of extension are

has been investigated. Every Ig domain exhibits a prebursiefined as in Fig. 5.

increase in contour length 6£10 A per Ig domain. These

length increases could contribute to the extensions exhibited

before the sawtooth force pattern observed in AFM experinitiate the unfolding of the Ig domains are the hydrogen

iments (Rief et al., 1997). Such preburst extension couldonds betweep-strands A and B and betwegastrands A

partially account for the observed differences in this experand G. Because of the topology of the Ig domain (Figci1

iment between the observed spacing of 250-280 A betweewntil the A'G bonds break, force cannot be transmitted

the force peaks and the contour length increase of 280—29@ong the backbone to unravel the rest of the protein. Only

A required for the wormlike chain (WLC) model to fit the When the AG and AB strands are separated, after all

data (Rief et al., 1997). interstrand hydrogen bonds are broken, can the unfolding of

With further extension, Ig domains continue to lengthen,an Ig domain continue, involving rupture of the interstrand

but only after the force exceeds a given value, which varie$lydrogen bonds between the remainjigtrands. The dif-

slightly among different Ig domains. Our simulations pro- ference in the force peak distinguishing the Ig domains can

vide an explanation for this bursting behavior. The appliedde due to either differences in the strength of the hydrogen

force acts along the direction between the C- and N-terminbonds between the A and B, and And G strands, or to a

of the Ig domains. The links that must be ruptured first todifferent angle between these strands and the C- and N-
termini that could lead to differences in the component of
the external force actually available for hydrogen bond

Il breaking.
W Once the AB and AG strands have been separated, the
0 ; hydrophobic core of the Ig domain becomes exposed as the
! two sheets of thg-sandwich separate, and the rest of the
-100 : IV domain can be unraveled with a much lower force than that
= _ooo required to separate the AB and @ strands. While this
g : occurs, the other I-band Ig domains do not experience a
E 300 force high enough to separate their A and B, aridaAd G
< | strands. Only when the unfolded domain is fully extended,
% —400 ! beyond 260 A, does the pulling force increase again, caus-
5 } ing the next weakest domain to experience a burst and
~500 } unfold.
} Because of the short simulation times imposed by limi-
-600 : tations of computer resources, SMD simulations must

0 50 100 150 200 250 300

i stretch Ig domains at a speed six to eight orders of magni-
extension (A)

tude higher than in AFM and optical tweezer experiments.
FIGURE 9 Total interaction energy of all interstrand hydrogen bondAS a result, in comparison to the experimental 30-pN to

partners versus extension in simulation C-27-0.5. The four regions arc25_0'pN_ forces regorded during g domain unfolding, simu-
defined as in Fig. 5. lation yields dominant force peaks 62000 pN. Extrapo-
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(b)

>

A!

() (d)

FIGURE 11 Titin topology, metal binding, and structura) A predicted calcium-binding sitepink spherg placed on a titin cartoon colored according

to NMR temperature factors. The calcium-binding site was predicted by evaluating the bond vater(@R,) ™ on a three-dimensional lattice, where
Ris the distance from the cation binding site to the ligating atom. FSF @ans, the parameters were chosen taRpe= 1.909 A andN = 5.4 (Brown

and Wu, 1976), with grid spacing set to 0.1 A. In the search for binding sites, only oxygen atoms were considered to coniribhtesoggested binding

site has a valence of = 1.601, which is well above the lower cutoff of= 1.4 for identification of binding sites as suggested by Nayal and Cera (1994).
The binding site is solvent accessible; any additional ligating water molecule would yield a trigonal bipyramidal coordinatién. gkrCactahedral
coordination is less likely to occur, because?Cé embedded in a surface dent that is only accessible to one water moléjiéedtrostatic potential
surface of 127 (visualization with SURF (Varshney et al., 1994) and PSSHOW (Swanson, 1996)). The yellow arrow points to the predicted binding site.
Under physiological conditions, mutation of S&into Ala leads to an electrostatic potential differencgef10.53)— (—3.50) = 7.03kT/e at the predicted
binding site. ¢) Cartoon representation of topology of strands A, B, and G of 127. Purple arrows indicate sites of force application; orange and green
strand colorings indicat8-sheet membership, as in Fig. 2l) Stereo view of the Cd -binding site pink spherg

lating from the results of Rief et al. (1997), the force Ig domains have been seen to unfold spontaneously with-
required to unfold a domain for the pulling speed of theout the application of external forces, the average time for
current SMD simulation should be around 500 pN, but thethis process measuring40 min with an activation energy
simulations required a peak force four times larger. Theof 3—7 kcal/mol (Politou et al., 1994). The force-induced
difference is due to the fact that the SMD simulationsunfolding pathway of Ig domains, with their C- and N-
operate in a regime where forces are large enough that aérmini moving apart diametrically, is likely different from
energy barriers are eliminated, whereas AFM experimentthe pathway for spontaneous unfolding. It is highly desir-
operate in a regime in which barriers still exist, but are lowable to understand the difference in the pathways of forced
enough to allow thermally activated barrier crossing withinand spontaneous unfolding of Ig domains, in particular,
the millisecond experimental time scale (lzrailev et al.,because the refolding of unfolded Ig domains is likely to be
1997). The strong forces and rapid motion needed in tha reversal of spontaneous unfolding.

SMD case imply that much irreversible work is performed Information about the Ig spontaneous unfolding pathways
on the system, leading to larger peak force values. In factnay be provided by temperature factors derived from NMR
we monitored temperature increasesdf8-20 K in SMD  structure data. The temperature factors are often indicative
simulations with pulling speeds of 0.5 A/ps. of the thermal flexibility of protein domains. Using temper-
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ature factors from 127 NMR data (Improta et al., 1996), tions to reveal the unfolding process of the Fn-3 domain are
loops are seen to be more flexible than sheets, and the B-@hgoing. SMD will also be complemented in the future by
and C-D loops are significantly more flexible than the otherkinetic modeling of straine@-sheets, generalizing the sta-
loops (Fig. 11a). B-strand C is the only strand in 127 with tistical mechanical model g8-hairpin folding and unfold-
flexible loops at both ends, and has only one side hydrogeing suggested on the basis of experimental observations by
bonded to anotheB-strand. Fluctuations of strand C could Munoz et al. (1997).

cause the initial exposure of the hydrophobic core during

spontaneous unfolding. Strands$, &, A, and B, according

to the NMR results, are stable and are not likely to be theThe authors thank A. Balaeff, M. Balsera, S. lzrailev, X. Hu, and T.
first sites of the Ig domain to unfold. These strands, how--ybrand for fruitful discussions.

ever, are the first to break in the SMD simulations. This work was supported by the National Institutes of Health (NIH PHS 5

The important role of C& in muscle suggests searching E"’l Eggfgg?é?&%ﬁg?g;l ’\S‘Acciir;%esggg”daﬂgrl‘)(':':FF?'RJ94(;23827
.. . L . , - , ,an e Roy J. Carver
titin g domains for.Cé+ blndmg .Sltes that may control C(r?aritable Trust. Bl was partially supported by)a GAAI\)IIN Felloxshipfrom
spontaneous unfOIdmg and refoldlng. For this purpose wWe,e ys. Department of Education. AK and VV further acknowledge
employed the program VALE (Nayal and Cera, 1994). Asupport from NIH (GM 49063, First Award to V).
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