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ABSTRACT Molecular dynamics simulations
were conducted to estimate the free energy barrier
of unfolding surfactant-associated polypeptide C
(SP-C) from an «-helical conformation. Experimen-
tal studies indicate that while the helical fold of
SP-C is thermodynamically stable in phospholipid
micelles, it is metastable in a mixed organic solvent
of CHCl;/CH;0H/0.1 M HCl at 32:64:5 (v/v/v), in which
it undergoes an irreversible transformation to an
insoluble aggregate that contains B-sheet. On the
basis of experimental observations, the free energy
barrier was estimated to be ~100 kJ/mole by apply-
ing Eyring’s transition state theory to the experimen-
tal rate of unfolding [Protein Sci 1998;7:2533-2540].
These studies prompted us to carry out simulations
to investigate the unwinding process of two helical
turns encompassing residues 25-32 in water and in
methanol. The results give an upper bound estima-
tion for the free energy barrier of unfolding of SP-C
of ~20 kJ/mole. The results suggest a need to recon-
sider the applicability of a single-mode activated
process theory to protein unfolding. Proteins 2001;
43:395-402. ©2001 Wiley-Liss, Inc.
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INTRODUCTION

Lung epithelium synthesizes and excretes a surface-
active material (surfactant) composed of a complex mix-
ture of mainly phospholipids and specific proteins that
reduces the surface tension at the air-liquid interface,
preventing alveolar collapse at low lung volumes. Four
surfactant-associated proteins—SP-A, SP-B, SP-C, and
SP-D—have been described.! The properties of SP-C are of
particular interest because of their clinical applications.
The amino acid sequences of SP-C from seven animal
species, ranging from mice to humans, show a conserved
region of branched aliphatic residues (mainly valines). The
amino acid sequence of porcine SP-C (LRIPCCPVN-
LKRLLVVVVVVVLVVVVIVGALLMGL), for example, con-
tains 16 consecutive branched hydrophobic residues, of
which 12 are valines. The three-dimensional (3-D) struc-
ture of SP-C has been determined by nuclear magnetic
resonance (NMR) spectroscopy in CHCl,/CH;OH/0.1 M
HCI at 32:64:5 (v/v/v).2 The polypeptide fold is an o-helix
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comprising positions Asn9-Gly34. Based on the length of
the helix and data from infrared (IR) spectroscopy,®* it has
been concluded that the «-helix spans the phospholipid
bilayer.® In dodecylphosphocholine (DPC) micelles, native
SP-C is very resistant to thermal unfolding. A synthetic
peptide identical to SP-C does not, however, spontaneously
adopt the native helical conformation,® and a dimeric SP-C
fraction purified by Baatz et al.” was composed entirely of
a B-sheet.

In vivo, SP-C is generated from a precursor of approxi-
mately 200 residues.® Once in a phospholipid environment
a-helical SP-C is apparently stable, and there are sugges-
tions that the a-helical conformation represents the global
free energy minimum in this environment. Circular dichro-
ism (CD), NMR, and Fourier transform infrared (FTIR)
studies described by Szyperski et al.? strongly suggested
that the helical fold in DPC micelles is thermodynamically
stable. In a mixed organic solvent consisting of CHCl,/
CH;0H/0.1 M HCl at 32:64:5 (v/v/v), a solvent that readily
solubilizes SP-C in its native fold, however, a-helical SP-C
slowly (within approximately 2 weeks) and irreversibly
forms an aggregate with B-sheet structure.® Moreover,
SP-C was recently shown to form amyloid fibrils, both in
solution and in a lung disease in which proteins accumu-
late in the alveoli.*°

Statistically, valines are underrepresented in the helical
regions of soluble proteins and statistically based second-
ary structure prediction methods'! predict SP-C to form a
B-sheet. However, Li and Deber'? have shown that the
B-branched amino acids Val and Ile, in fact, rank among
the best helix promoters in a membrane environment. This
raises questions with regard to the intrinsic stability of the
a-helical fold of SP-C and the factors that contribute to this
stability both in vitro and in vivo.

NMR data indicate that the helical conformation of SP-C
is not in a dynamic equilibrium with alternative nonheli-
cal conformations in solution and that, once initiated,
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unfolding and aggregation of SP-C in this solvent consti-
tute a comparatively rapid, possibly concerted, process.
Thus, in this solvent, the a-helical conformation is metasta-
ble with a significant barrier to unfolding. A high barrier to
unfolding of a-helical SP-C was also suggested in previous
simulation studies. The stability of the a-helix in a simula-
tion of truncated SP-C in water at 500 K was striking as
compared with results from other simulations at high
temperatures of helical peptides or globular proteins.'?

The role of the B-branched amino acids for contributing
to the high barrier for helix-coil transition is apparent by
noting that the time scale for folding/unfolding processes,
for a model designed to represent water soluble helices of
moderate length, is predicted to be <100 ns.'* This
analysis employed the Zimm—-Bragg treatment of thermo-
dynamic aspects of helix formation and results from free
energy simulations of helix propagation for the barrier
heights associated with the fundamental process of form-
ing a helical hydrogen bond.

To analyze the a — B transformation of SP-C, Szyperski
et al.? recorded a series of 2D TOCSY spectra in all-
deuterated solvents at 283 K as a function of time. The
decay constants of the cross-peaks between exchangeable
backbone amide protons and side-chain protons for resi-
dues 13—-27 in the a-helical portion of SP-C were found not
to differ significantly from those of the cross-peaks be-
tween carbon-bound, nonexchangeable protons. Treating
the unfolding of SP-C as a simple bimolecular activated
reaction and applying Eyring’s transition state theory to
the unfolding rate constant yielded an estimate of 100
kJ/mole for the free energy barrier to global unfolding.
Hydrogen-to-deuterium exchange rates were also used to
suggest that the change in free energy associated with a
local unfolding of the helix termini was within the range of
12-18 kd/mole.

In a previous study,'® molecular dynamics (MD) simula-
tions performed in water, methanol, and chloroform were
used to investigate the effect of the solvent environment on
the stability of SP-C. These simulations indicated that the
a-helical fold of the valine-rich region of SP-C was stable
and that there is a significant barrier-to-helix unwinding.
In this article, we investigate the barrier to unfolding
directly by unwinding two helical turns encompassing
residues 25-32, in water and in methanol environments.

COMPUTATIONAL DETAILS

The MD simulations were performed wusing the
GROMACS package version 2.0'%¢ with the GROMOS96
(43A1) force field.'” The solvent model is the simple point
charge (SPC) model for water'® and the GROMOS96 model
for methanol.

To keep the system at a constant temperature of 300 K, a
Berendsen thermostat'® was applied, using a coupling
time of 0.1 ps. The pressure was maintained by coupling to
a reference pressure of 1 bar, with a coupling time of 1.0 ps
and an isothermal compressibility of 4.6 X 10~ ° bar™*.*°
For the evaluation of the nonbonded interactions a twin
range cutoff of 0.8 and 1.4 nm was used. Interactions
within the larger cutoff were updated every 5 steps. The
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TABLE 1. Constraint Lengths and Minimal Simulation
Times for SP-C Simulation in Water and in Methanol,
Incorporating a Distance Constraint Between C, (Val25)

and C,, (Leu32)
Solvent Water Methanol
Constraint length interval for relaxation (nm) 0.01 0.02
Relaxation time (ps) 10 10
Constraint length interval for averaging (nm) 0.02 0.04
Equilibration time (ps) 100 200
Averaging time (ps) 100 200

time step used was 0.002 ps. Water bond distances and
angles were constrained using the SETTLE algorithm,?°
while the methanol and the protein were constrained
using the SHAKE algorithm?! with a tolerance of 5 X
1075,

To investigate the behavior of SP-C in the two solvents,
two 5.0-ns simulations, one in water and one in methanol,
were carried starting from the NMR structure determined
by Johansson et al.?

To obtain an estimate of the free energy barrier, a
distance constraint was imposed between the C, of resi-
dues Val25 and Leu32. This part of SP-C spans two helical
turns composed of residues Val-Val-Ile-Val-Gly-Ala-Leu-
Leu. The average equilibrium value of the distance be-
tween the C_ of Val25 and Leu32 is 1.05 nm. The con-
straint on this distance was extended to 2.45 nm and
contracted down to 0.97 nm. Before applying the con-
straint, the system was equilibrated for 500 ps. At each
constraint length, the system was equilibrated and the
data collected. At the midpoint of the constraint length
interval, the system was relaxed for a short period of time.
Constraint length intervals, relaxation time, equilibration
time, and averaging time in water and in methanol for the
constrained SP-C simulations are presented in Table I.

The averaging time is the minimum averaging time that
was used. For certain constraint lengths, longer simula-
tions (200-500 ps) were used to determine the mean force
acting along the constraint to ensure convergence.

An estimation of the error in the mean force along the
constraint was obtained using the block averaging method.
The data produced during the averaging time were divided
into blocks of size n; averages were calculated for each
block. The set of average values was considered an indepen-
dent data set, and the standard deviation of the mean
taken as the error estimate of that set. Convergence is
indicated when the error estimate as a function of the
block size n remains constant. The value of the height of
this plateau is taken as an estimate for the error.

The integration of the mean force to obtain the free
energy profile was performed using the trapezoidal rule.
As this profile is a relative free energy, it was shifted so
that the minimum of the curve was at zero. Since the
relative uncertainty in the constraint length is much
smaller than the relative uncertainty in the mean force
along the constraint, the estimated error of the free energy
profile was performed by integrating the errors of the
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Fig. 1. Structure of SP-C in water after 2.5- and 5.0-ns simulation
time.

mean force where the reference point (for the accumula-
tion of the errors) is at the minimum of the curve.

A cubic box of 1.5-nm minimum distance between the
protein and the box walls was used to ensure that, even
after full extension (~1.4 nm) of the backbone between the
two C,_, the protein did not directly interact with its
periodic image, given the cutoff. The resulting number of
solvent molecules was 12,294 and 5,667 for water and
methanol, respectively. Residues Arg2, Lys11, and Argl2
as well as the N- and the C-terminals were protonated (as
the experimental mixed organic solvent was slightly acidic),
yielding + 4e for the total charge.

RESULTS
Relative Stability of SP-C in Water and in Methanol

Starting from the NMR structure of SP-C? in a mixed
organic solvent of CHCl;/CH;0OH/0.1 M HCI at 32:64:5
(v/vIv), two simulations were carried out to infer the
stability of SP-C. Figures 1 and 2 show two structures of
SP-C in water and in methanol, respectively, after simulat-
ing for periods of 2.5 ns and 5.0 ns. It is evident that the
a-helical fold of SP-C from residue Asn9 to I1e28 is stable
over this period in the simulation. As proposed previ-
ously,'® the a-helix structure of SP-C is rigid because of
the cooperative packing structure formed by the hydropho-
bic B-branched side-chains. Segment Val28—-Leu32 is lo-
cally unfolded in methanol, whereas in water it preserves,
to some degree, an «-helical structure.

It has been proposed that helix unfolding proceeds by
solvent insertion and replacement of the «-helical hydro-
gen bonds.?? Disruption of the backbone hydrogen bonds is
presumed also to be required for proton exchange.?® Table
II displays the average number of neighboring solvent
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Fig. 2. Structure of SP-C in methanol after 2.5- and 5.0-ns simulation
time.
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Fig. 3. Mean force, <—> acting along the constraint as a function of

atoms within a radius of 0.4 nm around each backbone
amide proton site for the simulations in water and in
methanol. Table II also displays the decay rates of the
NMR signal from backbone amide hydrogens due to ex-
change.® The values for the average number of neighbor-
ing solvent atoms should be compared only within each
solvent, as they have not been corrected for the different
density of atoms of the pure solvents. Despite the differ-
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TABLE II. Average Number of Neighboring Solvent Atoms Around the Backbone Amide Hydrogens of SP-C Within a
Solvation Sphere of 0.4-nm Radius*

Residue Water Methanol R Residue Water Methanol Rt
Leul 7.5 119 — Val20 0.5 0.2 2.3
Arg2 43 5.3 — Val21l 0.4 0.2 2.0
Ile3 3.7 43 — Leu22 0.4 0.3 0.0
Cysb 5.0 51 — Val23 0.7 0.4 0.0
Cys6 3.8 42 — Val24 0.2 0.2 1.2
Val8 3.5 48 — Val25 0.4 0.2 0.8
Asn9 2.8 3.9 — Val26 0.3 0.1 1.0
Leul0 13 2.9 14.7 Tle27 0.2 0.2 0.9
Lys11 0.1 14 2.7 Val28 0.2 0.7 3.3
Argl2 11 0.8 3.3 Gly29 18 4.8 52
Leul3 0.9 0.3 1.2 Ala30 2.0 3.8 31.7
Leul4 0.3 0.2 0.7 Leu31 0.4 45 10.8
Vall5 0.7 0.3 0.5 Leu32 0.8 4.2 25.9
Vall6 0.6 0.2 2.1 Met33 11 4.3 —
Vall7 0.5 0.1 1.6 Gly34 3.2 6.0 —
Vall8 0.3 0.2 16 Leu35 3.2 54 —
Vall9 0.3 0.2 1.3

*The value is determined over the 5.0-ns trajectory. Backbone amide proton exchange rates, &y (in units of 10 ° min '), determined from decay
rates of H*?/HN NMR signals (reproduced from [9] by subtracting the decay rate of carbon-bound protons from the observed decay rates) are
displayed in the last column. It is estimated that ky;; > 1 X 10"2 min !, where no reading is given.

ence in the time length sampled in the NMR experiment,
as compared with the simulation time length, the number
of the neighboring solvent atoms from the simulation and
the decay rates of the NMR signals is correlated. The
segment of Leul3-Ile27 has very low values of neighbor-
ing solvent atoms, indicating that the backbone is essen-
tially inaccessible to the solvent. This segment corre-
sponds to the residues that have low values of proton
exchange rate, kyy. For the simulations in water, the
region of residues with low values of neighboring solvent
atoms can be viewed as extended to Leu32, with the
exception of residues Gly29 and Ala30. These residues
interrupt the sequence of the B-branched amino acids;
thus, small solvent molecules (e.g., water) are closer to the
backbone amide hydrogens.

Estimation of the Barrier to Unfolding

To estimate the free energy barrier to unfolding, an
unfolding pathway must be imposed on the system. A
distance constraint (\) between the C_ of residues Val25
and Leu32 was chosen to serve as such a pathway. These
residues encompass two turns of the helix. Residues
Val25-1I1e27, which are part of the valine-rich segment,
show very low values of neighboring solvent atoms and
very high protection of the amide protons, i.e., very low
values of kg (Table II). Residues Val28-Leu32 form the
second last turn of the helix. This is the last turn for which
there is a significant protection of the amide protons, and it
exhibits greater fluctuations in the backbone dihedral
angles than does the valine-rich segment of the helix. It
may be reasonably assumed that the unwinding of this
turn of the helix is an early event in the unfolding process.
The unfolding path chosen will not necessarily correspond
to the path of the lowest free energy. The simulations
provide only an upper bound to the height of the barrier.

The average force acting along the direction of the
constraint was determined for a series of constraint dis-
tances (Fig. 3). Starting at a distance of 1.05 nm, which
corresponds to the actual distance obtained as an average
when equilibrating the NMR structure for 500 ps, the
constraint distance was increased stepwise, until a fully
extended conformation was reached at 2.45 nm. The
constraint was also contracted to 0.97 nm. The free energy
as a function of the imposed unfolding reaction coordinate
(or the potential of mean force) is the integral of the mean
force acting along the constraint and is shown in Figures 4
and 5 for water and methanol, respectively. Note that the
average force acting along the constraint, and thereby the
free energy profile, are not corrected for possible metric
tensor effects. Metric tensor effects arise from the transfor-
mation from Cartesian to internal coordinates and are
likely to result in overestimation of the constraint force at
larger distances.

The simulations yield an estimate for the barrier height
of the free energy of 19 + 10 kJ/mol in water and 23 * 9
kJ/mol in methanol. The minimum of the free energy
profile occurred at a constraint length ~1.05 nm. In the
simulations in water, at a constraint length of ~1.49 nm,
the turn of the helix between residues Val28-Leu32
unwinds, and all the hydrogen bonds between those resi-
dues are broken and replaced by those with water mol-
ecules. The plateau region from this point to a constraint
length of 1.75 nm represents an extension of this segment.
Further increase of the constraint length shows a second
barrier, which is a result of unwinding the part of the helix
composed of residue Val25-I1e27. From a constraint length
of 2.00 nm, the free energy rises rapidly as the peptide
segment is forced to adopt an entropically unfavorable
linear conformation. In the simulations in methanol, un-
winding of the constrained part of the helix also starts
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Fig. 4. Free energy profile for unwinding two turns of the helix
between residues Val25 and Leu32 in water. The curve is shifted such
that the minimum is at zero height. The shaded area is the accumulated
uncertainty in the profile from the minimum of the curve.
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Fig. 5. Free energy profile for unwinding two turns of the helix

between residues Val25 and Leu32 in methanol. The curve is shifted so

that the minimum is at zero height. The shaded area is the accumulated

uncertainty in the profile from the minimum of the curve.

from the C-terminal part with several small barriers. At a
constraint length of ~1.35 nm, the hydrogen bonds involv-
ing residues Ala30-Leu32 are broken and that part of the
helix unwinds. Further increase of the constraint length to
~1.55 nm results in unwinding the segment Val28—
Leu32. At a constraint length of 1.79 nm the helical
structure is unfolded up to residue Ile27. Only at a
constraint length of 2.21 nm are the intra-helix hydrogen
bonds involving Val26 and Val25 broken. At this point, the
constrained segment is fully extended.

SP-C structures at several constraint lengths are shown
in Figures 6 and 7 for the simulations in water and in
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methanol, respectively. Although the free energy profiles
in both solvents are very similar, there are some differ-
ences in the structures of the SP-C as the constraint length
is increased. In the simulation with water, by imposing the
constraint, the N-terminal segment (Leul-Val8) interacts
with the a-helix part of the peptide, and it is not free to
move in the solution. In addition, one of the helix hydrogen
bonds, at around Vall7, is broken and replaced by hydro-
gen bonds with water molecules. In the simulation with
methanol the N-terminal part of the peptide (Leul-Val8)
is free and no loss of «-helical hydrogen bonds in the
valine-rich region is observed.

DISCUSSION

The barrier to unfolding of the a-helix is related to the
cooperative packing of the amino acid side chains in the
valine-rich segment. Independent of the solvent, the back-
bone hydrogen bonds essentially experience a hydrophobic
environment. To initiate unfolding of the helix, interac-
tions between the closely packed valine side-chains or the
backbone hydrogen bonds must be disrupted. In both
solvents, the backbone atoms of the helical residues Lys11—
Val28 are effectively inaccessible to the solvent (Table II).
Furthermore, the segment Val28—-Leu32 is shown to pre-
serve the a-helical structure in water but not in methanol.
In a more polar solvent, the packing of the hydrophobic
side-chains is expected to be enhanced, because of hydro-
phobic effects. However, it is not possible to attribute
directly to a particular set of interactions, either the
stability of the peptide, or the height of the barrier to
unfolding.?* In a predominantly hydrophobic environment
such as the interior of the DPC micelles, it would be
expected that SP-C exhibits a significant degree of flexibil-
ity. Experimentally, it is found that in DPC micelles SP-C
is very resistant to thermal denaturation with a melting
point exceeding 363 K.® Loss of helicity as a function of
increasing temperature is observed but no cooperative
melting. The effects of heating are partially reversed on
cooling. From the simulations, however, it is not possible
to comment on whether or not the a-helical fold is thermo-
dynamically stable in a hydrophobic environment.

In CHCl,/CH;0H/0.1 M HCI at 32:64:5 (v/v/v), a-helical
SP-C is metastable with respect to a nonhelical aggregated
gel. From the rate of loss of NMR signals, the barrier to
global unfolding has been estimated® at ~100 kJ/mol.
Based on Eyring’s theory, this estimate treats unfolding as
a one-step activated bimolecular reaction with a transmis-
sion rate probability of 1.0. To estimate the free energy
barrier to unfolding from the simulations we have calcu-
lated the free energy profile along one possible unfolding
pathway, namely as a function of the distance between the
C, of Val25 and Leu32. The free energy barrier for
unwinding those two turns of the helix in methanol and in
water was estimated to be ~20 kJ/mol. The extension of
the estimation of the barrier height to unfolding the entire
helix is based on the experimental observation that when
starting from the a-helical structure, no other state pos-
sesses exchangeable backbone amide protons for residues
Leul3-I1e27; rather, once initiated, the unfolding of the
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SP-C in water
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Fig. 6. Structure of SP-C in water for eight values of the constraint length that correspond to an extension of 0.00—1.38 nm in the distance between

the C_ of residues Val25 and Leu32.

SP-C in methanol
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peptide is both rapid and complete. As the imposed unfold-
ing pathway does not necessarily correspond to the real
unfolding pathway, the estimation of the free energy
barrier for unfolding is only an upper bound to the real
barrier.

This estimate of 20 kJ/mol for the free energy barrier
from the simulations is considerably less than that sug-
gested by Szyperski et al.” There are several possible
reasons for this difference. First, the simulations may not
give the appropriate barrier height. This could be due to
the force field parameterization used or to the fact that the
pure solvents used (water and methanol) in simulations

»
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Structure of SP-C in methanol for eight values of the constraint length that correspond to an extension of 0.00—-1.40 nm in the distance

were not identical to the solvent used in the experiments.
It should be noted, in this regard, that the solvent used in
the NMR experiments is itself quite polar, with the molar
ratio CHCl,/CH;OH/H,O approximately 3:11:2. Further-
more, work by Brooks and Nilsson?® on the unfolding of a
blocked alanine tripeptide indicates that the helix-
promoting ability in different solvents follows the order
methanol > methanol-water > water, and that the range
in height of the free energy barrier is 3—11 kJ/mol, with the
higher value observed in methanol and the lower value in
water. By contrast, our work does not show any significant
difference between the value estimated for the free energy
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barrier in the two solvents, although a difference in the
helix—coil thermodynamics in the two solvents may exist.
Also as Brooks and Nilsson noted, the model tripeptide
system may not reflect the additive contributions in longer
peptides.

Another source of inaccuracy in determining the free
energy barrier can be due to the force field parameters,
although it is unlikely that the force field alone accounts
for such a discrepancy. Therefore, it must be questioned
whether the application of Eyring’s theory or other transi-
tion state theories in protein unfolding is appropriate.
Certainly, protein unfolding is not a simple bimolecular
reaction, nor does it necessarily proceed along a single
pathway. The application of transition state theory as-
sumes that unfolding is a concerted process in which the
system surmounts a specific energy barrier that traverses
a specific path. It is unlikely that the entire peptide
unwinds as a single activated process. Instead, the loss of a
specific turn(s) may be thought of as triggering the subse-
quent unwinding of the remainder of the helix. The
question is whether this can be considered an activated
process with a defined transition state. As long as the
barrier to remove the next turn is comparable to the
preceding barriers, an intermediate will not accumulate to
a concentration detectable by NMR. An initial unfolding
event could potentially occur at several different places
along the helix. Fraying, for example, is seen at both ends
of the helix.

The overall rate of loss of helical SP-C from solution will
depend on the nature of the free energy barrier along a
specific reaction coordinate, the probability of finding the
system moving along that particular coordinate, and a
diffusive component, depending on the nature of the
specific path taken by a specific molecule. The diffusive
component and the fact that unfolding may occur only via
a certain set of restricted pathways are not considered
when estimating the barrier height based on Eyring’s
theory assuming a transmission rate of 1.0. When convert-
ing a rate to a free energy barrier, Eaton et al.?® proposed
the use of a scaling factor of 1 X 10° s™* to account for
diffusion in protein folding instead of kzT/h = 6 X 10'2
s~ 1. As the unfolding process is not a reaction governed by
quantum mechanics, the use of 2;T/h as the prefactor in
the transition-state formula seems unwarranted. More-
over, a value of 10'? s~ ! implies that when started from
the top of the barrier the peptide would unfold within 1 ps.
Using a value of 10° s~ * would lower the barrier estimated
from the rate of unfolding by approximately 40 kJ/mol.

Szyperski et al.? have estimated the difference in the
free energy associated with local unfolding of the terminal
residues. This estimate was based on the ratio between the
rate of exchange of the backbone amide protons of these
residues compared with the rate of exchange expected if
their amide protons were fully exposed to solvent. It was
assumed that effectively no exchange occurred in the
helical conformation and that the helical conformation was
in equilibrium with a conformation in which the amide
protons are fully exposed to solvent. The difference in the
free energy of unfolding residues Val28—-Leu32 was esti-
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mated at 12-17 kJ/mol. This is comparable to the differ-
ence in free energy between the helical and extended
conformations of about 15 kJ/mol found in our simulation
at about constraint length of 1.49 nm in water and at
~1.55 nm in methanol.

In conclusion, our results show that for proteins, the fact
that unfolding appears to be a concerted process with no
intermediates does not imply the reaction can be treated in
terms of simple transition state theory. The search for an
appropriate reaction coordinate in systems characterized
by a large number of degrees of freedom will inevitably
lead to slower kinetics. Thus, the application of transition
state theory will lead to a server overestimation of the free
energy barrier. In fact, in complex systems, unless details
of the nature of the transition state are known, estima-
tions of the free energy barrier based on the rate of
unfolding provides no additional insight or information
then the rate of unfolding itself.
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