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Targeted Molecular Dynamics Simulations of Protein Unfolding
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The usefulness of targeted molecular dynamics (TMD) for the simulation of large conformational transitions
is assessed in this work on the unfolding process of chymotrypsin inhibitor 2 (CI2). In TMD the force field

is supplemented with a harmonic restraint which promotes either the increase of the conformational distance
from the native state or the decrease of the distance from a target unfolded structure. As a basis of comparison,
unfolding is also simulated by conventional, i.e., unrestrained, molecular dynamics at 375 and 475 K. In all
simulations, an implicit approximation of solvation is used to adiabatically model the solvent response, which
is appropriate for the nanosecond unfolding simulation method used here. In total, 44 TMD and 25 unrestrained
high-temperature molecular dynamics simulations of CI2 unfolding were performed with an implicit solvation
model that allowed more than 150 ns to be sampled. Qualitative agreement is found between the results of
the TMD and unrestrained molecular dynamics at high temperature. The energies of the conformations sampled
during TMD unfolding at 300 and 475 K are comparable to the ones obtained by conventional molecular
dynamics at 375 and 475 K, respectively. The sequence of events, i.e., secondary and tertiary structure
disruption, is similar in all unfolding simulations, despite the diversity of the pathways. Previous simulations
of CI2 performed with different force fields and solvation models showed a similar sequence of events. This
indicates that the TMD pathways are realistic even for very large conformational transitions such as protein
unfolding.

1. Introduction robustness of TMD and the significance of the TMD pathways
by a simulation study of CI2 unfolding at different values of
the temperature with and without the harmonic restraint. The
unfolding of CI2 is a very interesting test case for TMD for
etwo reasons. First, unfolding is a very large and topologically
Montrivial conformational change. Second, unlike other confor-
mational changes that have been studied with TMDX, can

Many biological processes rely on the transitions between
conformational states of macromoleculeBor the study of
conformational changes, molecular dynamics simulations offer
a convenient alternative to experimental approaches because th
can treat a single macromolecule at an atomic level of detail.
lcr:]aelemal\l/lnogtralgfic-l;coglslTgila;g?rﬂa?g:\hafl)d;l;nth:slIrr?g\?g tt'?%ealso be simulated by conventional molecular dynamics by

) 9 . . 9 . simply increasing the temperature. This provides a basis of
accelerated to be observed in the time scale of a computationally - - .

. . - . comparison that is well suited for the assessment of the TMD
feasible molecular dynamics simulation. Targeted molecular

) . - results.

dynamics (TMD) has been introduced to calculate reaction paths An implicit solvati del based on th vent ibl
between two conformations of a molecule, by continuously fn Imp '%' sodya}[ lon méj N j\set dc')nl f'sofvent.-accelisﬁ €
decreasing the distance to the target conformation with the helptsutr ?C:?G%n "]’} IdI'S antce_- etpe_n etn b ielec ml: dun_lc_:hlon allows a
of a constraing It has been used to predict reaction paths for c;a 0 " unto ":jg rajecdoTes;_ 0 etsan;lp € d € iequencotla
the conformational changes iras p21#® For the alanine of events (secondary and tertiary structure disruption) an

dipeptide it was shown that most of the TMD paths connecting energetics during TMD unfolding are essentially the same as

the (meta)stable states follow the bottom of the free energy'dn thte ;Jhnrestrtaun_e;j dtrajectotrle_s, .\f’Yh'CTI |nd|ctatet3)strt]haé the b|as
valleys® Another conclusion of the alanine dipeptide study was ue to the restraint does not significantly perturb the dynamics.

that, even in such a simple system, different paths with similar Morepver, th_e pathways of CI2 unfoldmg presented here are
free energy barriers exist, which points out the necessity of conslsten'g with the large body of expenrneqtal results as well
generating many trajectories. Recently, a half-harmonic restrain- as S|mulat|<_)n data performed by others with different force fields
ing potential has been used to study the forced unfolding of and solvation models.
titin” and the unfolding of lysozymin vacuowith the radius
of gyration as reaction coordinate. 2. Model and Methods

The folding of chymotrypsin inhibitor 2 (CI2), a 64-residue  The CHARMM force field was used with a united-atom
protein whose folding-unfolding equilibria and kinetics follow  gescription of the proteit? The solvent was taken into account
a two-state model, has been the subject of experinfefttaihd through an implicit model because it would be computationally
theoretical'*?works in the past. In this paper we evaluate the prohibitive to perform many unfolding simulations with explicit

. water molecules. Moreover, the implicit model provides a mean

* Corresponding author. Phone: (41 1) 635 55 21. Fax: (41 1) 635 57 fje|d description of the solvent which avoids the problems related
12. E-mail: caflisch@bioc.unizh.ch. . . .

t Current address: GMD-SCAI, Schloss Birlinghoven, D-53754 st. O the relaxation of explicit water molecules around the protein.
Augustin, Germany. This is particularly important for both TMD and unfolding at
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TABLE 1: Simulations Performed

simulation U300Rt U300Rr? U300R U375 U475R U475
temperature (K) 300 300 300 375 475 475
length of each run (ns) 1.2 1.2 6 6 0.3 0.3
number of simulations 12 (fp 25 (12) 10 10 10 15
use of the restraint yes yes yes no yes no

aUnfolding simulations with harmonic restraint based on the decreasing distance from a target unfolded structure (see the text and Figure 1a).
The target structure is the final conformation of one of the U475 runs. This structure has none of the 52 native contacts of CI2, and its RMSD from
the native state is 15.0 A. Furthermore, no common features with the native state were found b3’ DBSE?2 trajectories were generated by
changing the initial assignment of the velocitiéSame as in footnota with 25 random conformations used as target unfolded structures. Five
hundred structures were generated by randomizing the dihedral angles of the rotatable bonds, followed by 1000 steps of energy minimization. The
25 structures with the most favorable effective energies were retained as starting conformations. They were equilibrated for 5 ps at 300 K, and their
average RMSD from the native state is 13.9¢Alnfolding simulations with harmonic restraint based on the increasing distance from the native
state (see the text and Figure 1HNumber of simulations which reached the target structure within a 0.2 A all-atom RMSD.

high temperature, since the conformational change is strongly performed with an additional time-dependent harmonic

accelerated and explicit solvent would show significantly
increased friction.

To approximate the screening effects of the electrostatic

interactions, the ionizable amino acids were neutralz&snd
a distance-dependent dielectric functiefr) = 2r, was used.
The CHARMM PARAM19 default cutoffs for long-range
interactions were employed,; i.e., a shift functiowas used with

restraint:

Upedr (9),) = KN(RMSD( (1)) — p(1))* (2)
whereK is the force constant (a somewhat arbitrary value of
25 kcal/(mol &) was used in this study) arid the number of
atoms. RMSDx((t)) is the all-atom RMSD at timé from the

a cutoff at 7.5 A for both the electrostatic and van der Waals reference state which can be either a target conformation or the
terms. Solvation effects were approximated with a model basedipitial state. Hence, the harmonic restraint is zero for all

on the solvent-accessible surface (SA)revious studies have

structures with an RMSD from the reference state equa{tjo

shown that the SAS model can be used in MD simulations of At constantp(t), the restraint keeps the protein at a distance of

different proteins to avoid the main difficulties which arise in
in vacuo simulationst® The mean solvation term is given by

N

Vsolv(r) = ZOiAi(r) (1)

for a protein having\ atoms with Cartesian coordinates=

(r1, ...,rn). A(r) is the solvent-accessible surface area of atom
i, computed by an approximate analytical expressiand using

a 1.4 A probe radius. The atomic solvation parametersere
determined by performing MD simulations at 300 K on six
proteins: crambin (1crn, 46 residues), trypsin inhibitor (1bpi,
58 residues), Cl2 (2ci2, 64 residues), ubiquitin (lubqg, 76
residues), SH3 domain of the p8%ubunit of bovine phos-
phatidylinositol 3-kinase (1pht, 83 residues), and histidine-

containing phosphocarrier protein (1hdn, 85 residues). Optimi-

approximatelyp(t) from the reference conformation. There is
an average bias toward (away from) the reference state only
after a change ip(t). If p(t) is changed continuously, as is the
case in previous work? there is constantly a bias toward the
target conformation and the system is never allowed to relax.
Therefore, in this study(t) is updated 300 times by adding (or
subtracting) 0.05 A, and the system is allowed to equilibrate
after each update gf(t).

In the simulations U300Rt and U300Rrt (where Rt stands
for restraint to target and Rrt for restraint to random targets,
Table 1) the all-atom RMSD to a target unfolded structure was
used.p(t) was initially set to the value of the RMSD between
the equilibrated crystal conformation and the unfolded structure
and was then discontinuously and linearly decreased to zero in
300 intervals (Figure 1a). This does not guarantee that the target
conformation will be reached, because the simulation can be

zation of the atomic solvation parameters based on RMSD from trapped before (see below).

the native conformation, radius of gyration, and number of
hydrogen bonds yielded the samgvalues as in a previous
work6 (0.012 kcal/(mol &) for carbon and sulfur atoms;0.060
kcal/(mol A?) for nitrogen and oxygen atoms and zero for the
remaining atoms). With thesg values, n a 1 ns MDsimulation
at 300 K, the root mean square deviation (RMSD) from the
native structure for the L£atoms averaged over the last 0.5 ns
was 1.5 A (1crn), 1.9 A (1bpi), 1.8 A (1ubq), 1.6 A (1pht), and
2.5 A (1hdn).

The first 19 residues of CI2 are disordered in the crystal

For the simulations U300R and U475R the all-atom RMSD
from the native structure was employed instead of the deviation
to a target unfolded conformation. At the beginning of the
U300R and U475R rungy(t) was set to 0 A and was then
increased by 0.05 A 300 times to 15 A (Figure 1b and Table
1).

Equilibration intervals of 4 and 20 ps at 300 K were employed
for total simulation times of 1.2 and 6 ns, respectively. At 475
K, the length of each equilibration interval was 1 ps (total
simulation time of 0.3 ns) because equilibration is much faster

structure and were neglected in the simulations. The conforma-than at 300 K. The Eckart conditions, with the native state as
tion obtained after 50 ps of equilibration dynamics at 300 K reference in the U300R and U475R runs and the target
started from the minimized (by 400 steps of conjugate gradient) conformation as reference in the U300Rt and U300Rrt runs,

crystal structure has a,GRMSD of 1.3 A and was taken as the
initial point for the unfolding simulations. To assess the stability
of CI2 with the force field and solvation model, a 10 ns
simulation was performed at 300 K starting from the minimized
crystal structure. The final value of the RMSD of thg &oms
was 1.4 A, and the average over the last 2 ns was 1.6 A.

were applied to avoid rigid body motions when the harmonic
restraint was uset. The integration time step was 1 fs for the
simulations that used the Eckart conditions and 2 fs (with
SHAKE?® on covalent bonds involving hydrogen atoms) for the
high-temperature unfolding simulations without the harmonic
restraint. In all simulations the temperature was kept almost

The details of the targeted molecular dynamics method are constant by coupling to an external b&thwith coupling

described in ref 6. The TMD unfolding simulations were

constants of 0.05 ps (and 0.1 ps for the high-temperature
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The U300Rt simulations were always successful, leading to
a final all-atom RMSD from the target conformation of less
than 0.2 A, whereas the U300Rtt runs reached the final structure
in about 50% of the cases. The final RMSD of the unsuccessful
simulations is 1.4 A on average and is due in most cases to a
local entanglement in the main chain. The backbone topology
of an unfolded conformation at high temperature is simpler and
easier to reach than the one of a random conformation, which
explains the difference in the success rate.

Nine snapshots saved every 0.75 ns along one of the 6.0 ns
U300R runs are shown in Figure 2. The sequence of secondary
and tertiary structure disruption is typical of most of the
unfolding simulations. There is transient formation of small
nonnative regular elements of secondary structure, the most
evident of which is a one-turn helix at the N-terminus (three
snapshots in the middle of Figure 2). The small two-stranded
parallel sheet at the C-terminus in the last snapshot of Figure 2
is in a nonnative topology since th& and /36 strands are
antiparallel in the folded state. The denaturation of the native
o-helix is the last unfolding event, which is preceded by the
rupture of thes3—/4 contacts. Evidence from protein-engineer-
ing experiments indicates that the transition state is the same
for folding and unfolding and that the-helix is the only
relatively well formed secondary structure in the transition
statel® Although it is not possible to accurately determine the
position of the transition state along the TMD pathways, the
behavior of thea-helix is in agreement with the mutagenesis
data. The contact between Alal6 and Leu49, which is known
experimentally to be critical for nucleatidfjs broken for the
first time in the fourth snapshot (at 2.25 ns) and present for the
Figure 1. Schematic drawing of TMD unfolding. The circles represent last time in the seventh snapshot (at 4.5 ns) of Figure 2.

ghe minima r\?{ﬂg&?tha”?o“ict resf”ﬁ;”; @) fReStrf_‘i”t Ibﬁs‘fdd %” :L‘e The behavior of the RMSD from the native state depends on
ecreasin 0 a target unfolded conformation labele e - ; o -
letter t. (b? Restraint basedgon the increasing RMSD from the n)z/a\tive Fhe type of restraint applied. There is e't.hef an _alm_ost linear
structure labeled by the letter N. increase to about 14 A for the U300R (solid lines in Figure 3b)
and U475R runs, or a strong increase followed by a plateau

simulations without the harmonic restraint). The nonbonded region for the U300Rt and U300Rtt runs (solid lines in Figure
interaction list was updated every 10 steps. Coordinates were3a). The plateau is due to the restraint to a given target
saved every 0.5 ps in the 0.3 ns simulations and every 2 ps inconformation, which results in an almost constant RMSD from
the 1.2 and 6 ns simulations. the native state.

The method applied here is similar to the one used by Diaz A large variability is seen for the behavior of the radius of
etal, and Ma and Karplus;o simulate large conformational  gyration during unfolding not only among trajectories of
changes iras p21. The main difference is that a harmonic different types but also within runs of the same type (dotted

U300Rt
U300Rrt

restraint is employed here, whereas in the p21 studies the |ines in Figure 3). For the U300Rrt simulations (Figure 3a) this
following holonomic constraint was used to control the sam- is due mainly to the different sizes of the random conformations
pling: used as target, which had an average radius of gyration of 15.3
+ 2.7 A. Interestingly, the behavior of the radius of gyration
() =1 (1) = Fiagel” — p(H?=0 (©) during the U300R runs shows some diversity (Figure 3b). This

indicates that restraining the RMSD from the initial conforma-
The difference between egs 2 and 3 is fhét) — riarget has to tion has no major impact on the radius of gyration. In most of
be equal top(t) in eq 3, whereas in eq 2 RMSE{)) can the U300R and about half of the U375 simulations, the radius

oscillate arouncp(t). of gyration is almost constant for more than the first third (i.e.,
] ) about 2 ns) of the trajectories and on average more than 80%
3. Results and Discussion of the native contacts are still present. This indicates that the

3.1. Overall Behavior. Three kinds of unfolding simulations ~ Protein structure initially performs a local search to find
for a total time of 156.3 ns were carried out (Table 1). First, convenient pathways for unfolding in agreement with high-
CI2 was unfolded by TMD using as target conformation either temperature molecular dynamics studies of baff&Seand
a structure obtained by conventional unfolding at 475 K lattice simulation result® After the first 2 ns of the U300R
(U300R), or different random conformations (U300Rrt). Sec- runs, the behavior is not homogeneous and there are phases of
ond, CI2 was unfolded at 300 and 475 K by periodically expansion, which can be minor or drastic, sometimes followed
increasing the RMSD from the native state in TMD and without by significant contractions. The behavior of the radius of
specifying the final conformation (U300R and U475R). Third, gyration is very similar in all of the U300Rt runs with a small
denaturation was simulated by conventional molecular dynamicsincrease and a plateau region in the first third of the simulation
at moderate (375 K) and high (475 K) temperature. followed by an almost linear increase (not shown).
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Figure 2. Snapshots from one of the U300R unfolding trajectories at, from left to right and top to bottom, 0, 0.75, 1.5, 2.25, 3.0, 3.75, 4.5, 5.25,
and 6.0 ns. The secondary structure was assigned with the DSSP ptbanainplotted with MOLSCRIP T The following elements were defined

for the native structure (top left): strafiid, residues 35; a-helix, 12-24; strand33, 27—-33; loop, 34-45; strand34, 46-52; strand36, 59-63.

In all frames, segments of the polypeptide chain which correspond ta-tieix (5-sheet) in the native fold are colored in blue (red).

Typical examples of the evolution of the RMSD from the occurs generally at medium values €, while the last
native state and radius of gyration in the unrestrained high- appearance at low-mediu@values. This is in agreement with
temperature simulations are depicted in Figure 3c. The RMSD the results of Li and Daggett (Table 2 in ref 11). The first
from the native state shows periods of increase, which are moredisappearance and last appearance of these contacts, which have
drastic at 475 K than 375 K, intercalated with plateau regions. been suggested to be critical for foldiHyare almost simulta-

As expected, the final radius of gyration is significantly larger neous in the U300Rt and U300Rrt simulations, which indicates
at 475 K than at 375 and 300 K. This points out a drawback of that the contacts do not re-form after having been broken (see
high-temperature simulations, which favor extended conforma- below).

tions having more favorable conformational entropy. 3.3. Sequence of EventsThe unfolding trajectories show
3.2. Evolution of Native Contacts.Fifty-two contacts have significant diversity (Figure 3), yet a statistically preferred path
been chosen to describe the native state of!€lthe fraction emerges from the simulation results. The diversity is also

of native contacts @) decreases faster in the U300Rt and reflected in the RMSD averaged over the conformations with
U300Rtrt runs than in the U300R runs because in the first half Q = 0.25 obtained during unfolding which has a value of 9.2
of the simulation the radius of the restraining sphere is larger A. Itis 6.5 A atQ = 0.50, and 3.4 A a@ = 0.75. The evolution

in the former than in the latter. Furthermore, the time scale of of the native contacts as a function of thg RMSD from the

the U300Rt and U300Rrt runs (1.2 ns) is 5 times shorter than native state is shown in Figure 4. The striking similarity between
the one of the U300R simulations (6 ns). Fifty percent of the the results provided by the TMD and unrestrained trajectories
native contacts are broken at around 0.18, 0.23, and 3.0 ns insuggests that the harmonic restraint has no major impact on
the U300Rt, U300Rrt, and U300R simulations. It has been the sequence of events during unfolding. Interestingly, the
shown by mutagenesis studies that the interactions betweensequence of events is not only similar in all simulations but
Alal6 and residues of the hydrophobic core, mainly Leu49 and also comparable to previous unfolding simulations of CI2
lle57, are already present in the transition stét¢all3 was performed with different force fields-12The disappearance of
also found to be almost as folded in the transition state as in tertiary interactions between tlhehelix and the first strand of
the native state. Table 2 lists the average valu@ af the first the -sheet is the first unfolding event, and the disruption of
disappearance and last appearance of four contacts whichthe a-helix is the last unfolding event (see also Figure 2). The
involve the aforementioned residues. The first disappearanceU300Rrt simulations have somewhat larger standard deviations,
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Figure 3. C, RMSD from the CI2 native structure (solid lines with scale on the left) and radius of gyration (dotted lines with scale on the right)
as a function of simulation time. Data are shown for (a, top) four successful U300Rrt, (b, middle) four U300R, and (c, bottom) (left) two U375 and
(right) two U475 runs.
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TABLE 2: Values of Q at Rupture of Core Contactst

U300Rt U300Rrt U300R U375 U475R U475
Alal6 @’—Leu49 C*
Q at first disappearance 0.440.12 0.544+ 0.12 0.61+0.14 0.504+0.07 0.50+ 0.07 0.53+ 0.10
Q at last appearance 0.480.15 0.58+ 0.11 0.44+0.19 0.31+0.19 0.50+ 0.24 0.37+0.15
Alalé @—lle57 C*
Q at first disappearance 0.630.09 0.61+ 0.09 0.46+ 0.13 0.51+ 0.06 0.44+ 0.16 0.47+ 0.09
Q at last appearance 0.410.07 0.67+ 0.12 0.45+ 0.11 0.40+ 0.19 0.44+ 0.15 0.414+0.14
Leud9 C?—lle57 C*
Q at first disappearance 0.300.06 0.43+0.11 0.61+ 0.15 0.56+ 0.11 0.42+ 0.17 0.44+ 0.17
Q at last appearance 0.340.15 0.42+ 0.19 0.40+ 0.15 0.51+ 0.23 0.37+ 0.23 0.30+ 0.18
Vall3 C?—Val51 C*
Q at first disappearance 0.550.12 0.56+ 0.11 0.58+ 0.13 0.58+ 0.11 0.44+ 0.15 0.59+ 0.20
Q at last appearance 0.560.11 0.65+ 0.18 0.44+ 0.10 0.46+ 0.18 0.344+0.20 0.45+0.19

a Average values and standard deviations of the fraction of native coiQaattthe first disappearance and last appearance of the contacts which
have been shown experimentally to be formed in the transition state. See the caption of Figure 4 for the definition of first disappearance and last
appearance.
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Figure 4. The native contacts were classified in seven groups according to their location in elements of secondary 8tiitteugeoups are

shown in the bottom-left panel. The thin dotted lines represent thRMSD (A) from the native state at the first disappearance of the native
contacts. Averages over each group of contacts for the first disappearance are in thick lines, and for the last appearance in thick dashed lines. The
first disappearance of a contact is defined as the first 20 ps interval during which that contact is absent, and the last appearance as the last 20 ps
interval during which it is presenA 5 psinterval was used for the 0.3 ns simulations. A contact is said to be present if the distance between the

two atoms defining the contact is less than that in the crystal structure times 1.5. The standard deviations for each group of contacts are shown for
the first disappearance; bats2 SD. For the U300 Rrt plot only the 12 successful runs were used.

especially for the contacts which are broken late during and U300Rrt simulations probably because the final conforma-
unfolding, because the target conformations used have a largeion is specified. The last appearance can occur before the first
structural variability. This does not seem to affect the average disappearance because of their definition (see the caption of
values. Figure 4). A significant shift of the last appearance with respect
The difference between the first disappearance and the lastto the first disappearance is found for tlhehelix in the
appearance indicates that the native contacts can re-form aftesimulations at 475 K and for most of the native contacts in the
having been broken. This difference is very small in the U300Rt U375 and U300R trajectories. In this respect and with respect
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Figure 5. Average effective energyiE[]as a function of the fraction of the native contacts Q for the unfolding simulations. Sixty (120) conformations
were selected from each 0.3 or 1.2 ns (6 ns) trajectory. They were submitted to a 10 ps unrestrained MD run at 300 K, followed by 300 steps of
energy minimization, before evaluation of the energy. Bar SD. In the U300R simulations there is no structure at Q probably because the

runs were not long enough to obtain such conformations. For the U300Rrt plot only the 12 successful runs were used.

to the effective energy (see the next section), the results provided(U300Rt and U300Rrt) and at very high temperature (U475 and
by the U375 simulations agree better with the U300R than with U475R). A steep increase f@ < 0.2 is present in the U300Rt
the U475 results. This indicates that the restraint on the and U300Rtrt trajectories, which are restrained to reach a target
increasing distance from the native structure produces a biasconformation whose energy is very high. On the contrary, the
which is not stronger than the one of the entropic effects at 475 375 K trajectories and the 300 K simulations with a restraint
K. The small differences between the first appearance and laston the increasing distance from the folded state (U300R) show
disappearance at 475 K may originate from the low stability of a nearly flat behavior, except for the basinGt 0.7, which
secondary and tertiary structure at very high temperatures.  corresponds essentially to the native state. Although all simula-
The sequence of events displayed in Figure 4 is in agreementtions show the same average sequence of events (Figure 4), the
with the results of Li and Daggett, who performed unfolding U300R simulations describe the energetics of the unfolding
simulations of CI2 at 498 K using explicit water moleculés.  process at ambient temperature better than the U300Rt and
The comparison with the results of Lazaridis and Karflus U300Rrt, because the latter were forced to reach target
shows as the only notable difference that the rupture of&e conformations generated at 475 K or randomly. The plot of the
B4 contacts is concomitant with the unfolding of the helix in effective energy as a function 6f for the U475R simulations
most of their 24 unfolding trajectories at 500 K. This is not the is similar to the one of the U475 trajectories. The same holds
case in the present simulations apart from the U375 runs. for the U300R and U375 simulations. This lends further support
3.4. Energetics.The average value of the harmonic restraint to the relatively weak effect of the harmonic restraint on the
was 3.8+ 0.1, 1.0+ 0.5, 2.0+ 0.1, and 4.6t 0.1 kcal/mol unfolding energetics and shows that the system is not forced
for the U300Rt, U300Rrt, U300OR, and U475R simulations, over unnaturally high barriers. However, trapping of trajectories
respectively. This is negligible compared to the energy terms can occur as mentioned above.
of the force field and provides further support that the harmonic ~ That the effective energy depends strongly on the simulation
restraint does not bias significantly the energetics of the temperature has been found previously in lattice simulafib#fs.
unfolding process. The effective energy (intraprotein energy and The funnel-like behavior at 475 K (Figure 5) is in agreement
solvation energy) averaged over the MD runs is shown as awith previous results obtained by Lazaridis and Karplus, who
function of Q in Figure 5. There are two distinct behaviors. An  performed 24 unfolding MD simulations of CI2 at 500 K with
almost monotonous increase of the effective energy is seen foran implicit solvation model different from the one used here.
the simulations restrained to a target unfolded conformation Their solvation energy consists of a sum of atom contributions
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and is proportional to the volume of atod?s*whereas oursis ~ TMD implementation this artifact was not observed and is not
based on the surface area of atoms. expected.

At intermediate values d@, i.e.,Q larger than about 0.2 and In summary, the present results indicate that TMD is a useful
smaller than about 0.8, the effective energy is lower at 300 K approach that allows qualitative predictions on the overall
than at 475 K. Even at 375 K, where the final conformations behavior of a macromolecule during a large conformational
are as unfolded in terms @ as at 475 K, the energies are transition. TMD generates reasonable CI2 unfolding pathways
significantly lower than at 475 K. The accessible conformational and relevant information on the unfolding process even without
space is greatly reduced at 300 K, as demonstrated by latticeknowledge of the final conformation.
statistical mechanié&and lattice simulationd. Nevertheless,
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