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Abstract

Extensive experimental studies on the folding of Cytochrome c (Cyt ¢) make this small
protein an ideal target for atomic detailed simulations for the purposes of quantitatively
characterizing the structural transitions and the associated time scales for folding to the
native state from an ensemble of unfolded states. We use previously generated atomically
detailed folding trajectories by the Stochastic Difference Equation in Length (SDEL) to
calculate the time-dependent changes in the Small Angle X-ray scattering (SAXS) profiles.
Excellent agreement is obtained between experiments and simulations for the time depen-
dent SAXS spectra, allowing us to identify the structures of the folding intermediates,
which shows that Cyt c reaches the native state by a sequential folding mechanism. Using
the ensembles of structures along the folding pathways we show that compaction and the

sphericity of Cyt ¢ change dramatically from the prolate ellipsoid shape in the unfolded
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state to the spherical native state. Our data, which provides unprecedented quantitative
agreement with all aspects of time-resolved SAXS experiments, shows that hydrophobic
collapse and amide group protection coincide on the 100 microseconds time scale, which is
in accord with ultrafast Hydrogen/Deuterium exchange studies. Based on these results we
propose that compaction of polypeptide chains, accompanied by dramatic shape changes,
is a universal characteristic of globular proteins, regardless of the underlying folding mech-

anism.

Keywords: Protein folding, Cytochrome ¢, Molecular Dynamics Simulations, Small Angle

X-Ray Scattering, theory
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Introduction

Major advances in experiments have elucidated the complexities of the folding process,'®
thus providing an impetus to develop computational methods for making quantitative predic-
tions. In addition, theory and simulations using a variety of coarse-grained models have provided
a framework for anticipating different folding scenarios.” ' Despite the conceptual advances, it
still remains a challenge to predict the folding pathways of specific proteins under conditions
that are typically used in experiments.!? There are compelling reasons to rise to this grand chal-
lenge. First, advances in single molecule experiments are starting to provide detailed information
about the changes in the ensemble of conformations during the folding reaction as the external
conditions (temperature, mechanical force, or denaturant concentrations) are varied. %1% Sec-
ondly, fast mixing methods in conjunction with small angle X-ray (SAXS) measurements yield
global information about the changes in the size of a protein and the extent to which secondary
structure is formed during the collapse process.'®!6 The results from these experiments and
related methods!™!¥ demand precise computations for specific systems so that one can predict
the molecular details of the folding process. Although recent advances in computer hardware
and other technological developments have been used to generate long folding trajectories us-
ing all atom molecular dynamics simulations,?*23 to date they have not yielded results that
can be quantitatively compared with experiments, except in rare cases. Here, we show that the
time-resolved SAXS profiles calculated using folding trajectories for Cytochrome ¢ (Cyt ¢) are in
quantitative agreement with experiments. With this validation, we establish that the changes in
the shapes of Cyt ¢, which folds in a sequentially manner, are dramatically going from a prolate
ellipsoid to a sphere. Without adjusting any parameter, our simulations produce near quanti-
tative agreement with hydrogen/deuterium exchange experiments, in the process revealing the
molecular details in the early stages of Cyt ¢ folding. By monitoring the Trp59-Heme distance
in the early stages of folding from simulations, we explain the origins of the apparent differences
in the interpretation regarding the kinetic barrier to Cyt ¢ collapse.

Time resolved SAXS experiments have provided details of the relationship between the
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changes in the radius of gyration (R,) and the secondary structure formation setting the stage
for two issues that we address here. The first is concerned with changes in the shape of the
protein as it folds, the importance of which can be appreciated based on the following argu-
ments. The R, values in the denatured states scales as R, ~ apN"?* where the Flory exponent
v ~ (0.5 —0.6), N is the number of amino acid residues, and ap is a characteristic length.
Folded states of proteins are nearly maximally compact with R, ~ ayN s where ay ~ 3A.%
Thus, during the folding process, the polypeptide chain must become compact.?0-3° The shape
of the unfolded state is expected to be a prolate ellipsoid while the native state is spherical.??
It follows that the transition from the unfolded to the native structure involves not only a
large surface area change but also a dramatic change in the overall shape (prolate ellipsoid to a
sphere). The second issue concerns the early stages of folding. In some proteins, compaction and
acquisition of native structure occur concurrently,?® a prediction that has been validated using
experiments.3! Theoretical considerations and simulations of simple protein models show, in ac-
cord with time resolved SAXS experiments on several proteins, that the collapse process occurs
in three distinct stages with most of the changes in R, occurring relatively early in the folding
reaction.?® For example, the 104 amino acid residue Cytc (the protein studied here) collapses

rapidly to a compact intermediate globular state!®'6

in perhaps as little as 50us. The rapid
collapse is followed by a slower phase that leads to the formation of secondary structures, which
raises the question of what is the relationship between chain compaction, secondary structure

formation, and folding in Cyt ¢?

Methods

Simulations: We used the publicly distributed molecular dynamics package MOIL,3? which
uses a combination of AMBER and OPLS force fields. The Stochastic Difference Equation in
Length (SDEL) requires a suitable start and end points, which in the case of protein folding
correspond to unfolded and folded states, respectively. The folded structure was generated by

minimizing the energy of the native structure (taken from the Protein Data Bank with code
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1HRC) after removing the crystallographic water molecules. We used the Generalized Born
model? to account for the solvation energy. The model includes covalent binding of the heme
group to Cysl4 and Cysl7, but does not have coordination of the heme iron to Met90. The
unfolded structures were initially generated at a high temperature, and after a sequence of energy
minimization an ensemble of starting structures were obtained at the simulation temperature of
300 K. Additional details can be found below and in the methods section of a previous study.3*

Computing the SDEL Trajectories: The computations are based on the folding path-
ways generated by Cardenas and Elber3* using the SDEL methodology. The simulation method
used to generate the folding trajectories for the present manuscript was also used in the success-
ful study of the folding of protein A,3% which provides additional justification for the simulation
method. FEach trajectory, parameterized by length [, that is obtained by solving a boundary
value problem. Given the two end structures (the folded conformation, X, and another X,,

that is sampled from the set of unfolded conformations generated at finite temperature as de-

scribed below), we optimize the functional (action) S[X(I)] = f;((uf di\/2(E —U(X(l))) for the
entire trajectory. Here, X (l) is the coordinate vector of an all atom model of Cyt ¢, param-
eterized as a function of the arc-length [, E is the total energy, and U(X(l)) is the potential
energy including the part that accounts for solvent effects. In our calculations, a trajectory is
represented by a discrete set of coordinates X; with ¢ = 1,2,...N that are equally separated
along the path by |X; — X; 1| with i = 1,2,..(N — 1). Using an implicit solvation model,* we
generated 26 folding trajectories that start from an ensemble of unfolded structures and end at
the native conformation. From each SDEL trajectory we harvested 900 structures, which were
used to compute the time-dependent observables.

Generation of the Unfolded State Ensemble: To create an ensemble of unfolded struc-
tures, we used high temperature MD simulation. To ascertain if residual structure persists in the
unfolded state we performed molecular dynamics simulations with a modified non-bonded in-
teractions that include only a repulsive term (no electrostatic forces or attractive van der Waals

energies). Such a model mimics a self-avoiding polymer that retains the covalent geometry of
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Cyt c. These simulations were done at the temperature of 1,500 K for 2 nanoseconds. We picked
200 structures with the root mean square distance of at least 6 A away from each other and
minimized conformations with the full non-bonded interactions using Generalized Born term for
solvation. The minimization fixes local geometries and remove bad contacts but it also changes a
little the overall shape of the protein, which is our prime concern here. The structures were used
to calculate the scattering function for Cyt ¢ in the limit when the interactions are determined
only by excluded volume.

Calculation of the Time-resolved Small Angle X-Ray Scattering (SAXS) Spectra:
The 900 structures from each of the 26 trajectories connecting the folded and unfolded states
used to calculate the scattering function I,(q|l;) as a function of the momentum transfer, ¢ =
2 5in(0) (« is the trajectory label, I; is the arc length of the SDEL path at up to configuration
J, A is the wavelength and 20 is the scattering angle). The scattering functions were calculated
using the CRYSOL program?® with explicit averaging over all possible orientations to ensure
that spectra are isotropic, making it appropriate for comparison with the solution phase SAXS
profiles. We averaged the scattering function over all different trajectories at a given path length
I; using I(q|l;) = 55 > Ia(q]l;). We implicitly assume that the path length is monotonic with
trajectory times, an assumption which we later examined for consistency.

Using the crystal structure of the Cyt ¢ we first fit the computationally generated SAXS
profile for the native state ensemble with the experimental SAXS curve representing the folded
state. For the purposes of comparing to the SAXS experiments,® we normalized the Kratky
plot by dividing all the spectra by the maximum in ¢*I(q) (I(q) is the scattering intensity at
the wave vector ¢) corresponding to the experimentally measured value in the native state. This
allowed us to find the normalization constant between experiments and simulations. Note that
the normalization could also be calculated based on I(q = 0). However, the experimental data
was not available for zero angle scattering. In addition, extracting I(q = 0) from Kratky plots

creates uncertainties. Therefore, we used the Kratky plots for direct comparison. We used

the same constant for all other time intervals assuming that the protein concentration stayed
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constant during measurements.

In the SAXS experiments, % the authors presented only 10 out of the total 33 SAXS spectra
at different folding times. We digitized the ten spectra and compared them with the selected
spectra from Kratky plots obtained from simulations.

To match the simulated I(g|l;) and measured I(g|t)'® requires a mapping between [; and
real time ¢. For this purpose averaged scattering function at a given path length is compared
with the real time I(g|t). The path length [; that gives the best agreement to the experimental
curve is selected. The remarkable linear relationship between the arc length and the logarithm
of physical time is obtained (Figure 1 inset), allowing us to convert I(g|l;) to I(q|t). This
agreement makes it convenient to match the simulation and experimental results, without any
additional adjustments.

Calculation of the Amide Group Protection: It would be most interesting to predict
the propensity of amide hydrogen for exchange with deuterium from simulations. It is found
that amide group protection is empirically correlated with the presence of hydrogen bond of the
backbone amide nitrogen to an acceptor.® 3 The protection factors are most directly correlated
with solvent accessible surface area (SASA) of the amide group.***? We found that SASA based
amide group protection describes the folded state of cyt ¢ when compared with experiments.?
Because we used implicit solvent in the simulations it is most appropriate to use SASA as a
proxy for the protection factor.

For that purpose, to study the amide group protection during folding we compute the surface

area change as a function of time.
SASA(t,i,j)
g\ J) 1
i mZZ SASAG) O

where, SASA(t, 1, j) is the solvent accessible surface area (SASA) of the amide group of residue
j of trajectory i at time t. SASA(0,1,7) is its value at the unfolded state (¢ = 0). The ratio in

the summation changes in the range (0,1) where 0 corresponds to no change in the protection
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of the amide group with respect to the unfolded state. The lower the SASA(t,4,j) the more
the protection of the amide hydrogens, hence slower the exchange rates. We calculated SASA
using the algorithm#* implemented in Gromacs.*

Order Parameters Characterizing the Shapes: To quantify the changes in the shape

of Cyt ¢ we used three global structural measures, which were constructed using the eigenvalues

of the tensor of inertia \; (i = 1,2,3). The radius of gyration, R, = v/(M\ + A2 + A3) gives the
size of the protein. The extent of deviation from spherical symmetry can be expressed in terms

of the asymmetry parameter,

I i ()2

where (\) = %2?21 ;. The shape parameter, S,

S = (3)

3
1=

(A — (V)
(A

1
allows us to characterize the global shape of the polypeptide chain as either prolate (S > 0) or
oblate (S < 0) ellipsoid. The values A lies between zero and unity and S ranges from -0.25 to
2.0. For a sphere, both parameters are zero, while for a rod, A = 0.25 and S = 0.2.
Calculations of Fluorescence Energy Transfer: To compare the simulated folding path-

ways with experiments, we calculated the fluorescence energy transfer (FRET) from the distance,

R, between Trpd9 to the covalently attached heme group using,

1

b= Y

where the averag is over the folding trajectories, Ry is the Forster radius for the donor and

acceptor® and is taken to be 3.5 nm for Trp59-heme pair.

Results

Stmulated and experimental time-resolved SAXS profiles are in excellent agreement: Here,
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we use atomically detailed simulations to probe the changes in the shape during the folding of

Cyt ¢, a protein whose self-assembly has been extensively studied experimentally!” 194749

as
well as by simulations using C,-based Go-models.?5%5! In a previous study,3* the Stochastic
Difference Equation in Length (SDEL), which permits generation of approximate long time
folding trajectories, was used to characterize the folding energy landscape explored by Cyt
c. Here, the folding trajectories are used to calculate the complete time-dependent scattering
profiles in order to validate the simulation results. We calculated time-resolved Kratky plots
for Cyt ¢ folding by an approximate mapping of the path length to real-time (see the Methods
for details and inset in Fig.1a). Figure la shows a comparison of the simulated ¢®I(q) curves at
various times. Remarkably, our results are in quantitative agreement with experiments starting
from the earliest time point (¢ = 160us), which allows us to go further to quantify the changes
during the folding of Cyt c¢. Representative structures from the time resolved SAXS in Figure
la are shown in Figure 1b.

Comparison to Hydrogen/Deuterium Exchange experiments: We also used time resolved
Hydrogen/Deuterium (H/D) exchange labeling experiments?® as an independent data set to
further validate the accuracy of our simulations. We related the changes in the H/D exchange
rates to the changes in the solvent accessible surface area (SASA) of each amide hydrogen
group as a function of elapsed time t. The time dependent protection of each amide group
is monitored by the function P(t,4) that varies between (0,0.1) (details are provided in the
Methods). Results are shown as a heat map in Fig. lc. An increase in P(t,7) for residue i
suggests a higher amide group protection, and thus, a lower H/D exchange rate. At around
t =~ 100us, the C-terminal segment 92-98 shows marked protection. N-helix protection starts at
a later stage (in milliseconds). It is gratifying to note that the order of events, and timescales
are in excellent agreement with ultra-fast hydrogen exchange measurements,*® which not only
validates the simulation results but also allows us to determine the folding pathways of Cyt ¢
using simulations. Interestingly, on the timescale, of ¢ ~ 100us, out of 25 residues that show

protection, 17 are hydrophobic residues. The ratio 17/25 ~ 0.7 is about two times the average
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ratio of observing a hydrophobic residue (40/104 ~ 0.38) in random in Cyt ¢, which indicates a
strong correlation between initial collapse and hydrophobicity.

Assembly of Cyt c: In order to reveal the atomic details of the mechanism of Cyt ¢ folding and
to interpret the changes in the protection factors measured in H/D experiments, we calculated
the helix content for the three major helices in the native fold of Cyt c. The time evolution of the
helix content, averaged over different trajectories, are shown in Figure 2. Despite the dramatic
protection in the C-terminal segment (92-98) at ¢ ~ 100us, there is hardly any helix formation
on this timescale when canonical helix definitions are used. Helix formation occurs around 0.5
ms, about 400 microseconds after the marked increase in the amide group protections (Fig.
1c). Our simulations provide evidence for specific hydrophobic collapse concomitant with helix
formation. Time dependent changes in the growth of helical content show a sequential order in
the acquisition of the folded state, as found in experiments and simulations using coarse-grained
models.?%%! Some variations in the time scale and in the order of partially folded units is evident
among the different folding pathways (Figure 2).

Helix formation starts with the formation of N helix, which is followed by the 60s helix
formation, and is completed when the C-helix folds. These results further support the sequential
mechanism for Cyt ¢ folding, in accord with experiments*” and previous studies.?**° From 0.5
ms to 15 ms the overall helical content increases by about 35%, which is consistent with CD
experiments (see Figure 5 in 16). We also monitored the native contact formation during folding,
which shows a similar result. However, their formation is a more uniform change across the
folding pathways, and occurs at a slower rate of change, suggesting a hierarchical folding after
helix formation. We surmise that folding starts with hydrophobic collapse followed by secondary
structure formations. Tertiary fold occurs concomitant of the secondary structure formation.

Despite the excellent agreement between the HX measurements and simulations at the early
stages of folding,*® the order of folding at long times is in apparent disagreement with the
interpretation of pulse labeling HX MS experiments.®*®3 The order of events inferred from these

studies indicate that the N- and C-terminal helices stably fold together and before the 60’s helix.

10
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Our amide group protection analysis also shows a strong correlation with N- and C-terminal
protection while 60’s helix protection starts earlier. The discrepancy might be due to the
differences in the refolding conditions, which are reflected in the refolding time scales between
the two approaches: our study reports the folding time about 15ms while the experimental
measurements® were on ~ 5 s. In addition, we cannot rule out the possibility that the force
fields are not very accurate, especially when considering folding at long times.

Kinetic barriers to collapse in the early stages of folding pathways: Our simulations shed
light on the perennially interesting question of collapse of proteins in general, and Cyt ¢ in
particular. There are apparently conflicting views on the problem of protein collapse based on
interpretation of two experiments (see®® for a comprehensive review). One of them measures Trp-
59-heme distance from fluorescence experiments. Changes in the Trp-59 distance from the heme
was used to monitor the early stages of refolding on a time scale of &~ 100 microseconds. The
bi-model nature of FRET signal reported has been correctly interpreted as arising from a kinetic
barrier to the collapsed state.?>% HX labeling, single molecule, and NMR measurements on the
other hand, report a negligible barrier in the early stages of compaction.®”*® In addition, HX
pulse labeling method®? on the slow dynamical changes reports a barrier-less transition during
refolding. To reconcile these seemingly differing interpretations, we calculated the Trp59-Heme
distance distributions during the early stages of folding. We also calculated the experimentally
measured FRET efficiency as well as the R, distribution at the early stages of folding.

The results, summarized in Figure 3 allows us to draw the following important and often
under-appreciated conclusions. (i) Interestingly, the nature of the distributions depends on the
probe. For example, R, distributions seem to change continuously with time, suggestive of
a small barrier.®® On the other hand, the FRET efficiency distributions show that there are
two subpopulations, indicative of a barrier to collapse.?® The probe dependent differences in
the results is a consequence of the finite size of single domain proteins, with Cyt ¢ being no
exception. (ii) It should be noted that the change in the mean value of R,, with respect to

the unfolded states is less than about 20%, which is a common observation in a number of

11
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proteins. % Our results show that it is difficult to unambiguously assess barriers to collapse in
folding. In light of extensive theoretical studies, summarized elsewhere,® we surmise that the
barrier to collapse in Cyt ¢ should exist® but multiple probes might be needed to estimate the
magnitude.

Changes in the size of Cyt ¢ along the folding trajectories: To elaborate on the shape changes,
and characterize the missing structural details of the major states reported in, *® we first compare
our scattering intensities with the equilibrium ensemble obtained in SAXS experiments. The
structure factors for the unfolded, (U), the two intermediates (I and II), and the native (N)
states are shown in Figure 4a. The distance distribution function, P(r), which is the inverse
Fourier transform of (gq), for the four major folded states are shown in Figure 4b. The results of
our simulations are in very good agreement with SAXS measurements for the N, I, and II states
as can be seen by comparing Fig. 4b and Fig. 4 in.!'® The simulation results reaffirmed that the
largest sampled r value, D,,.., and the peak positions for these states. The calculated D,,q.

values 40.2 A, 59.4 A, and 65.8 A compare well with experimental values 39 A, 58 A, and 66 A,

fODm‘“” drr2P(r)
2fOD"““” drP(r)

are 12.9 A(N), 15.5 A(IT), and 17.2 A(I) respectively. The corresponding results extracted from

for the states N, II and I respectively. The R, values calculated using (R,) =

an initially acid denatured unfolded states in'® are 13.9 A, 17.7 A, and 21.5 A. Taken together,
we conclude that the global shape profiles obtained in experiments can be fully accounted for
in our simulations.

Fig. 4 demonstrate that Cyt ¢ collapse occurs in three major steps, as suggested previously
based on lattice model simulations.?® In the first step, there is a substantial reduction in Ry,
reaching a value of ~ 21 A from about ~ 28 A in less then 100 ps. The transition from I, with
R, =~ 17 A to N occurs in two stages in our simulations with time constants of 1 and 5 ms,
respectively. The two stages represent roughly I — II and IT — N transitions. The absence of a
direct path from U — N implies that the N state structure is acquired in a sequential manner,
U — I — II — N supporting the interpretation based on the SAXS data that for ¢ > 160us

chain collapse occurs in two major stages.
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Unlike the compact states (N, II, and I), the description of the ensemble of unfolded structures
(U state) show minor differences between simulation and experiment. The Kratky plot of the
unfolded state is shown in Figure 4a (purple points are the experiment and purple lines are the
simulation). Unfolded ensemble computed from simulation gives good agreement with the SAXS
profile with an average R, ~ 28 A for U state. The unfolded conformations sample distances
nearly 2R, larger than the size of the N state (13.9 A). The distribution functions show that
the D,,q. value for the U state extends up to &~ 100 A. Because P(r) for the unfolded state was

1,16 a quantitative assessment of our predictions cannot be made.

not reported by Akiyama et. a
However, R, ~ 28 A from the simulation differs from the estimate of experimental, R, ~ 243
A, which only about 13% smaller than the value obtained in simulations. We believe that the
calculated R, value is more reliable because when it is substituted into the Debye function to
compute the theoretical I(q) for a random coil model there is good agreement with experiments
(see the black line in Figure 4a). The experimental estimate, on the other hand, results in an
unphysical extrapolation of the structure factor when the Debye function is used (black circles
in Figure 4a). In addition to comparing the simulations to the Akiyama et. al !¢ experiments,
we also compared them with other SAXS studies.'>%%6 The reports of R, ~ 30 — 32 A in the
unfolded state agrees well with our estimate of 28 A. It is likely that the method of preparation
of the initial unfolded state impacts the unfolded structure. In the SAXS experiments, folding
was initiated by a jump in pH from 2.0 to 4.5, and R, of the unfolded state was extrapolated
from the time-dependent decay of R, to ¢ = 0. In our simulations, R, is from the ensemble of
conformations generated at a high temperature, which could explain the difference between the
Ref.1® and our estimate.

One cannot rule out the possibility that the disparity between simulated and experimentally
estimated value of R, for the U state could also be due to the deficiencies in the use of current
forcefields to describe the unfolded states. We believe that this is unlikely in this case, because

the usual experience is that the all atom forcefields overestimate helicity even when the protein

is unfolded. From this observation we would expect that the simulated unfolded state would
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be more compact when compared to experiments.®! Not only does the comparison show the
opposite trend, the ensemble is essentially devoid of structure at ¢ ~ 160us (Fig. 2).

The unfolded state is not a random coil: It is difficult to describe unambiguously whether the
unfolded state can be described as a random coil using experiments alone. The mean < R, >
for the 104 residue Cyt ¢ is predicted to be 2N” = 32 A (N = 104, and the Flory exponent
is &~ 0.6). The predicted random coil value differs considerably from the calculated and SAXS
measurements.'® In accord with this prediction, we find that the probability distribution of

&= \/}(2;6_> for the unfolded state, P(£) does not agree with the predicted universal function for

random coils. This is a reflection of the potential residual structure in the unfolded state.
Shape changes: The compaction of Cyt ¢, reflected in the decrease in Ry, is also accompanied
by global shape changes during the folding process (Figure 5a-c and Figure 6), which we quantify
using the asphericity (A) and shape (S) parameters (see Methods for definitions). The S
parameter is used to distinguish between prolate and oblate ellipsoids. Cyt ¢, at t ~ 160us,
adopts a highly elongated shape, with A = 0.3, and S = 0.3. The shape undergoes a transition
to a prolate ellipsoid at t ~ 550us with A = 0.2 and S = 0.1. A further gradual change to
spherical-like shape with A = 0.1, and S = 0 occurs at bms. Figure 5 and Figure 2a show that
the collapse of Cyt ¢ occurs prior to the increase in the helical content. On the time scale of
~ 100 ps, there is a substantial reduction in R, from 28 A to 20 A (Fig. 6). At t~ 0.5 ms,
R, decreased substantially with practically no change in the helix content. On this time scale,
Cyt ¢ is structure-less. The biphasic decrease in R, also observed in recent tr-SAXS studies®®
with time constants of t; ~ 45 us and t, =~ 0.65 ms. These time-scales are consistent with our
simulations. Upon formation of I there is an increase in the helix content, which grows rapidly
when II forms in a few milliseconds, with the simultaneous formation of a well-defined core.

Further consolidation occurs on the folding time scale 77 ~ 10 ms.

Conclusions

In this study, we used the atomically detailed folding trajectories connecting the unfolded
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and folded states of Cyt ¢ to provide quantitative comparison between simulations and time-
resolved SAXS experiments. The excellent agreement between the two approaches enables us to
establish the structures of the key intermediates during the sequential assembly of this protein.

A few comments about the folding process of Cyt ¢ are worth making based on our simula-
tions: (i) The picture that emerges on how Cyt ¢ folds is similar to that found in time resolved
experiments. By simultaneously measuring the global helix content of Cyt ¢ and the time-
dependent changes in helix compaction, it was found!® that only upon the formation of II there
is growth in the secondary structure. This interpretation is consistent with our simulations. (ii)
There is a sequential order in helix organization of Cyt ¢, which is experimentally determined
by their individual stability as studied by hydrogen exchange experiments.*” The global sequen-
tial folding mechanism, after collapse of Cyt ¢, is also in agreement with predictions based on
simulations using the C,, based Go-models.® (iii) There are a substantial number of non-native
interactions that are formed in the early stages of Cyt c collapse,3* which are annealed sub-
sequently, a feature first established in precisely solvable lattice models.?% In Cyt c, it is clear
that on time scales less than about one milliseconds the structures are more native-like, which
implies that specific native interactions stabilize the compact states. It appears that generically
non-native interactions might play a diminishing role on time scales that exceed the collapse

62,63 which explains the remarkable success of structure-based models in describing

time scale,
many aspects of the folding mechanism of small and large proteins.'*%* (iv) The interactions
between amino acid residues are often assumed to be isotropic. However, the present simulations
suggest that folding of Cyt ¢ must also involve correct orientation of the secondary structures,
which implies that angular potentials also guide self-assembly of proteins. A recent study®
has emphasized the importance of angle landscapes, specifically in the context of folding of
cytochromes.

The dramatic changes in the shape of the protein as it folds, which occur continuously, show

that by at most ¢ ~ 0.55 ms the compaction is largely dominated by specific interactions, as

opposed a global hydrophobic collapse. The residue level time-dependent accessible surface area
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measurements, which is a surrogate for H/D exchange protection factor, show that on ¢ ~ 100
us, the C-terminal helices are formed while there is disorder in the N-terminal residues. It
will be interesting to perform similar simulations using our methodology in order to probe the

folding process of other small globular proteins not containing the heme group.
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Figure Captions

Figure 1: (a) Time resolved Kratky plots during the folding of Cyt c. Open circles are
taken from the SAXS measurements,'® and solid lines are simulation results. Colors represent
different times during the folding process; black (¢t = 160us), cyan (t = 550us), purple (t =
3ms), blue (t = 6ms), green (t = 44ms), and red is the native state. The inset shows the
relationship between experimentally measured time and SDEL path index i, which is given by
t = 0.08; —4.5361. (b) Representative structures during folding. Conformations are chosen from
among the 26 paths that best represent the Kratky plots in Fig. la. Images are created with
MOIL.3? (c) Protection of each amide group of Cyt ¢ as a function of time (see SI for details)

for comparison to the ultra-fast time resolved H/D exchange experiments.*?

Figure 2: (a) Average helix content of the major helices during folding: N-helix (blue),
60’s-helix (red) and C-helix (yellow) is shown as a function of time. See Figure 1b for helix
definitions. Data is averaged over all paths at a given time. Black solid line reports the native
contact formation as a function of time. Two atoms of separate side chains ¢ and j are assumed
to form a contact if the distance d(i,j) < 5A. (b) Time evolution of helix content and native
contact formation of each individual SDEL trajectory. See Fig 1b for the definition of the

different helical segments.

Figure 3: (a) Conformational change monitored for the first 90 microseconds of the Cyt C.
folding. Probability density of Trp-59 Heme distance, FRET efficiency measured from the Trp59-

Heme pair and radius of gyration of the whole protein are computed from folding ensemble.

Figure 4: (a) Kratky plots representing the ensemble of conformations of Cyt ¢ in different
states; Native N (red), Intermediate II (green), Intermediate I (blue) and unfolded state U
(purple). Circles are experimental result extracted from.® Solid lines are the same quantity

computed from simulations. Black circles is the Debye function when unfolding state is a random
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coil with R, = 24.3A, black solid line is the same function when R, = 27.8A, which is obtained
from the simulation curves in Fig la. Based on the agreement with the Debye function using
the calculated R, value we surmise that < R, > of the unfolded state is = 27.8A. (b) Distance
distribution function P(r), obtained by the inverse Fourier transform of the scattering function,

computed from simulations. Color coding is the same as in Figure la. Inset. Probability

distribution of £ = (R is either R, or the end-to-end distance, R..) for the unfolded state.

R
V(R?)
Red histograms is the distribution for By

<Rg>

REE
<Ree>

blue gives the distribution of where < Ry >
is the average radius of gyration. Solid line is the universal probability distribution function for
variable the dimensionless v P(§) = C1€(2+5)€£L’p(—C2£rl”>> where ¢; = 3.7, ¢c; = 1.2, 6 = 3, and

v = 0.6 for Flory random coil.

Figure 5: Global shape change during Cyt ¢ folding monitored by (a) Radius of gyration
(R,), (b) deviation from spherical symmetry (A) (c) structural measure of the global shape (.5),
(see SI for details). The various colors represent different stages of folding. Color coding is the

same as in Figure la; black (t = 160us), cyan (¢ = 550us), purple (t = 3ms), blue (t = 6ms).

Figure 6: Time evolution of global shape changes monitored as average radius of gyration,
asymmetry parameter, A and shape parameter, S. Circles are averages over 26 trajectories.
Linear relationship between the path index and ¢ is assumed to hold between 0 < ¢ < 160us.
Decay of R,(t) is best represented by a sum of two exponential functions, R,(t) = R,(t —
00) + Ae” 7 + Be ™7 where Ry(t — 00) = 12.87TA; A = 6.19A, B = 7.22A, 7, = 0.08 ms and 7,

= 1.55 ms.
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