CIS

A RTTCUL E S

Published on Web 03/10/2010

Unfolded-State Dynamics and Structure of Protein L
Characterized by Simulation and Experiment
Vincent A. Voelz," Vijay R. Singh,* William J. Wedemeyer,*® Lisa J. Lapidus,* and
Vijay S. Pande*"

Department of Chemistry, Sanford University, Sanford, California 94305, Department of
Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, and
Department of Biochemistry and Molecular Biology, Michigan State University,

East Lansing, Michigan 48824

Received October 1, 2009; E-mail: pande@stanford.edu

Abstract: While several experimental techniques now exist for characterizing protein unfolded states, all-
atom simulation of unfolded states has been challenging due to the long time scales and conformational
sampling required. We address this problem by using a combination of accelerated calculations on graphics
processor units and distributed computing to simulate tens of thousands of molecular dynamics trajectories
each up to ~10 us (for a total aggregate simulation time of 127 ms). We used this approach in conjunction
with Trp-Cys contact quenching experiments to characterize the unfolded structure and dynamics of protein
L. We employed a polymer theory method to make quantitative comparisons between high-temperature
simulated and chemically denatured experimental ensembles and find that reaction-limited quenching rates
calculated from simulation agree remarkably well with experiment. In both experiment and simulation, we
find that unfolded-state intramolecular diffusion rates are very slow compared to highly denatured chains
and that a single-residue mutation can significantly alter unfolded-state dynamics and structure. This work
suggests a view of the unfolded state in which surprisingly low diffusion rates could limit folding and opens
the door for all-atom molecular simulation to be a useful predictive tool for characterizing protein unfolded

states along with experiments that directly measure intramolecular diffusion.

Introduction

One requirement for a full understanding of the folding
reaction must be an accurate description of the unfolded protein
before it folds. In recent years, some progress has been made
in this respect. An increasing wealth of experimental techniques
are now available to characterize unfolded conformational
ensembles.™? SAXS techniques can provide static or time-
resolved measurements of unfolded-state R,.>* In addition to
NMR observables such as NOEs and chemical shifts, unfolded
states and early folding events have been recently characterized
by residual dipolar couplings® * and paramagnetic relaxation
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enhancement (PRE) studies.®® Single-molecule FRET spectros-
copy has been used to characterize the ensemble conformational
distributions of many proteins in denaturant, including protein
L, with the common finding that the denatured ensemble
becomes more compact in decreasing amounts of denaturant.*®~*3
However it is not generally known how the dynamics of
reconfiguration in unfolded proteins change with denaturant.
The intrachain dynamics of unfolded states have been
measured in several studies using contact quenching tech-
niques.** 8 The Trp-Cys quenching method measures intramo-
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lecular contact rates by the triplet quenching of a tryptophan
residue by cysteine to obtain information about loop closure
dynamics and conformational distributions.*®® Trp-Cys quench-
ing studies have shown that proteins L and G share similar
denatured-state structure and intramolecular dynamics,?° with
lower rates of intramolecular diffusion in decreasing amounts
of denaturant. Similar findings have been made using single-
molecule FRET?! and fluorescence correlation spectroscopy.

To interpret the results of dynamic unfolded-state experi-
ments, it is necessary to obtain high-quality simulation models
of the unfolded state. For instance, deviations from random-
coil behavior have been interpreted as being aresult of unfolded-
state structure,>>2* a question that can be addressed by molecular
simulation. However, most computational models of unfolded-
state ensembles to date have been either random-coil or worm-
like chain models®™?® generated from Monte Carlo chain-
sampling algorithms,>"2® short molecular dynamics simula-
tions?>2° often using restraints from experimental NMR data, 3=
or Go-like models, which contain native-state bias and can be
tuned to reproduce experimental unfolded-state data.> 3¢ Phys-
ics-based all-atom simulations of unfolded ensembles offer
significant advantages over simpler models, which include the
ability to (1) generate ensembles unbiased by native-state
information, (2) provide quantitative chemical detail, (3) model
unfolded states in the absence of denaturant, and (4) predict
early folding events under folding conditions.

In this paper, we report significant advances in using all-
atom molecular simulation as a predictive tool to probe unfolded
states of proteins in concert with Trp-Cys quenching studies
that directly measure intramolecular diffusion. Traditional
simulation approaches for this purpose have been unfeasible
due to the dual computational challenges of adequate confor-
mational sampling and slow dynamical time scales. We solve
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this problem by taking advantage of accelerated calculations
on graphics processor units via the Folding@Home distributed
computing platform, which alow us to simulate tens of
thousands of all-atom, implicit solvent molecular dynamics
trajectories out to ~10 us in order to generate converged
ensembles of unfolded states. We aso solve the problem of
quantitatively comparing simulations to experimental ensembles
by using a polymer model of the coil—globule transition to
calibrate simulated temperature and experimental denaturant
concentration.

Using these techniques, we probe the structure and dynamics
of unfolded states of protein L. The simulations predict collapse
on the 100 ns time scale, achieve excellent quantitative
agreement with reaction-limited quenching rates, and recapitu-
late similar trends in compaction and diffusivity as a function
of denaturant concentration. Uniquely accessible by simulation
is unfolded-state structure and dynamics in the absence of
denaturant. We predict a compact globular state with greater
native-like structuring than seen in chemically denatured states.
However, our analysis also finds that the implicit solvent model
used in the simulations overly stabilizes compact states, the
implications of which we discuss. We also characterize a
destabilized single-residue mutant (F22A) of protein L, which
can be studied experimentally in lower concentrations of
denaturant, and find it to be less compact and surprisingly more
(intramolecularly) diffusive in the unfolded state. Simulations
predict similar sequence-dependent differences, suggesting a
structural explanation.

Materials and Methods

Molecular Dynamics Simulation. Standard MD simulations
were performed using the AMBER9 molecular dynamics package.
Distributed GPU MD simulations were performed using an ac-
celerated version of GROMACS®” written specifically for GPUs®®
using the Folding@Home platform. The AMBER 96 and ff03*
force fields were used with the generalized Born/surface area
(GBSA) implicit solvent model of Onufriev, Bashford, and Case.**
Tens of thousands of parallel simulations at 300, 330, 370, and
450 K were performed using stochastic integration with water-like
viscosity. We found the two force-field models to perform
comparably, so we present only the results using AMBER96, which
has been reported to have more accurate secondary structure
propensities when used with GBSA.*? (See Supporting |nformation
for more details.)

Experimental Methods. The protein L plasmid was a kind gift
from David Baker and was mutated and expressed as described
previously.?° The instrument to measure tryptophan triplet lifetimes
has been described previously.?® Briefly, the tryptophan triplet is
populated simultaneously with the singlet state within a 10 ns pulse
of light at 289 nm. The triplet population is monitored by absorption
at 442 nm. In agueous conditions, the triplet lives for 40 usin the
absence of quenching, but can be observed to decay in as little as
100 ns for a short peptide with Trp and Cys at the ends.*® The
decay in optical absorption was detected by a silicon detector and
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Figure 1. Convergence of simulated unfolded ensembles. Average values
of the radius of gyration (Ry) over time for simulated ensembles starting
from native (black), extended (red), and coil (green) conformations. Non-
native ensembles simulated at 300, 330, and 370 K (thin lines) converge to
acompact globule state (Ry ~ 12.2 A) on the microsecond time scale, while
the 450}\( (thick lines) ensembles converge to a random-coil state with Ry
~ 21.8A.

observed on two oscilloscopes to cover a time range between 10
ns and 100 ms.

Results and Discussion

Equilibration of Simulated Unfolded Ensembles. Molecular
dynamics simulations of the unfolded state of the 64-residue
protein L (see Experimental Methods) were initially conducted
on standard CPUs starting from extended and coil conforma-
tions. These trgjectories converged within 10 ns for temperatures
above 500 K, but for lower temperatures, each 10 ns trgjectory
produced an independent and nonergodic distribution of dis-
tances (see Figure 12d). Therefore we attempted to simulate a
large ensemble of longer trajectories (up to ~10 us) using
graphics processing units (GPUs) and distributed computing (see
Experimental Methods).

The simulated native state of protein L isvery stable, drifting
only ~2.5 A rmsd (C,,) over the course of microseconds (Figure
S1). The average native-state radius of gyration (Ry) of protein
L inthe simulationsis ~12 A. Thisis similar to values seen in
other simulation studies® and compares well to the Ry = 11.8
A of the NMR structure (2PTL), but lower than the value of
~16.2 A measured in SAXS experiments® and estimated from
single-molecule FRET experiments at low denaturant concentra-
tions.™* As noted by Merchant et al., this difference may be
explained by His-tag and FRET labeling effects and/or over-
estimation of Ry in the SAXS experiment.*? For the high-
temperature (450 K) simulations started from the native state,
Ry beginsto increase after ~1 us as afraction of the population
transitions to the random-coil ensemble, although convergence
is not reached within the simulation time, consistent with the
millisecond time scale unfolding rate.*®

Simulations started from extended and coil conformations
both produce well-converged ensembles by 1 us. The 300, 330,
and 370 K simulations reach a collapsed compact globule state
with Ry value of ~12.2 A, while the 450 K simulations converge
to a random-coil ensemble (R, ~ 21.8 A) (Figure 1). It should
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Figure 2. Convergence of simulated intermolecular distance distributions.
(a) Cartoon representation of the native structure of protein L. Highlighted
residues are the single tryptophan W47 and residues K23 and T57, each
used to make single-cysteine mutants. (b) Simulated distributions of
W47—T57C distances over time, for native (black), extended (red), and
coil (green) starting states, at 300 and 450 K. The vertica axis is on a
logarithmic scale to enhance detail. (c) Relative entropy of Peq(r) (dashed
ling) and Praive(r) (solid ling) with respect to Py(r) = Py (r) over time, at
various temperatures. Smaller values of relative entropy, computed as /dr
P(r) log[P(r)/Po(r)] over 50 ns segments, reflect more similar distributions.
(d) Histograms of W47—T57 distances compiled from the last half of fifty
10 ns simulations, each started from a different random-coil configuration.

be noted that simulated temperatures do not correspond to
experimental temperatures (discussed below). Single-exponential
fits of the average Ry over time yield apparent collapse times
of ~100 ns, although longer relaxations up to ~1 us are evident
from the time course as shown on alogarithmic scale. The fast
rate is consistent with collapse times observed for BBL after
T-jump™ and the rate generally expected from measurements
of loop formation in unstructured peptides.**® The overall
dynamics is qualitatively consistent with ultrafast microfluidic
mixing experiments showing collapse dynamics on time scales
less than the dead time of ~4 us plus a slower 50 us decay due
to a rough landscape in the unfolded basin.*®

Probability distributions for the intermolecular distance
between residues W47 and T57 and residues K23 and W47
(Figure 2a) for simulated ensembles started from extended and
coil states are converged by 1 us (Figures 2b and S2). To
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quantify the convergence of the distributions over time, we
computed the relative entropies of Peg(r) and Phaive(r) with
respect to the reference distribution Po(r) = Py (r) over time,
computed as fdr P(r) log[P(r)/Py(r)] (Figure 2c). Smaller values
of relative entropy reflect more similar distributions. The relative
entropy metric decays roughly exponentialy to small values
only after 100 ns, explaining why shorter 10 ns trajectories
(Figure 2d) fail to produce converged ensembles.

Calibration of Simulated Temperature and Experimental
Denaturant Concentration. Flory-like polymer theory models
of the coil —globule transition have been used previously**4647
to describe the expansion of the unfolded state observed as
denaturant concentration increases. In these models, there are
two competing effects: (1) mixing entropy, which favors the
insertion of chain monomers into solvent and (2) the (disfa-
vorable) transfer free energy of inserting a chain monomer into
solvent. Using amode! adapted from Sanchez,*® Ziv and Haran
have recently calculated (per monomer) transfer free energies™®
for protein L as a function of denaturant, ¢([GdnHCI]), from
the chain expansion seen in published SMFRET experiments.***2
In asimilar fashion, we employed two closely related polymer
theory approaches in the literature®®*° to calculate the per-
monomer transfer free energy as afunction of temperature (T)
that best fits the chain expansion we observe in our unfolded-
state simulations as temperature increases. By comparing
e(JGAnHCI]) and &(T), we were able to find the effective
denaturant concentration ([GdnHCI]) corresponding to an
ensemble simulated at a given temperature (T). Our anaysis
showed that the sharp transition from globule to coil seen in
the simulations requires a temperature-dependent model of the
transfer free energy ¢(T) = & — (T — Tp)AS, where we found
the parameters ¢y and AS by least-squares fitting (with To =
300 K). On the basis of this analysis we conclude that the
simulated unfolded ensembles at low temperatures correspond
to unfolded ensembles near zero concentration of denaturant,
whereas the 450 K ensembles correspond to [GdnHCI] ~ 3.2
+ 1 M (see Supporting Information).

The polymer theory modeling produces fits with ¢(T) several
kcal/mol above the published e(GdnHCI]) values, suggesting
that compact states are overstabilized by the GBSA model,
causing artificially high melting temperatures with sharp transi-
tions, an effect that has been observed in other high-temperature
GBSA simulations.?®*° Since the most commonly available GB
models have typically been parametrized using small-molecule
hydration free energies, we believe there is much room for
improvement in GB models for large protein simulations. More
sophisticated GB models that account for solvent dispersion
interactions and shape-dependent cavitation free energies could
improve unfolded-state simulation models significantly.>*

Residual Structure in Unfolded States. There appears to be
a consensus in the field that the large-scale conformational
distribution of highly denatured states is well described by
wormlike or freely jointed chains restricted by excluded
volume.*?® In the past, much of the work on unfolded states of
proteins had focused on the question of whether native-like

structure exists in unfolded states and whether such preorga-
nization could help explain how proteins are able to overcome
the conformational search problem. There has been disagreement
as to the extent of residual structure in proteins unfolded by
chemical denaturants,® although the mutual existence of local
structure and random-coil scaling™®® is thought to be compatible.
Indeed, conformational ensembles generated from models with
native-state bias exhibit random-coil scaling, with Ry values
comparable to those measured in SAXS experiments.*>*

The residual structuring found in the smulations supports
the idea that native-like structures can exist within disordered
protein states. Average Ry calculated for all pairs (i, j) of inter-
residue (C,) distances were used to find the best fit to the power-
law Ry =< |i — j|” to extrapolate the scaling coefficient v. For the
450 K ensemble, we found v = 0.59, very close to the expected
v =0.588 for arandom-coil chain with excluded volume.>® For
the 300 K ensemble, we found v = 0.37, close to the expected
v = 13 for a compact spherical globule. At the same time,
residue pairs participating in native contacts were found to be
closer on average than non-native contacts (Figure S3), when
compared to the average Ry provided by the scaling law fits.

A plot of all average inter-residue distances on a contour map
shows long-range variations corresponding in part to native
contacts (Figure 3). Such structuring mostly vanishes for the
expanded 450 K ensembles, although some residua turn
structure remains. Theinitial coil and extended ensembles show
similar kinds of native-like residua structure after 1 us, although
more long-range structure is apparent in the ensemble started
from compact coil states (Figure $4). It is unclear whether the
long-range structuring seen in the globule state constitutes any
tertiary structure formation per se, as secondary structure
formation may bias average long-range distances, and chain
compaction could increase the probability of end-to-end contacts.

Secondary structure propensities for the 300 and 450 K
ensembles calculated using the DSSP algorithm®® show mostly
native-like helix and sheet propensities (Figure 4). One exception
is the N-terminal region, which shows o-helix propensity in
the unfolded state, potentially stabilized by Glu-Lys salt bridges.
The 300 K ensemble shows less secondary structure than the
450 K ensemble, which has more helical structure in particular
(Figure S5). Whereas the 300 K ensemble is a very compact
globular state with many nonspecific nonlocal interactions that
overcome the local torsional preferences of the chain, the 450
K ensembleis arandom coil that is much more freely diffusing
and with fewer nonlocal contacts, allowing the chain to better
satisfy its local torsional preferences at high temperature. The
temperature independence of GBSA solvation may further
facilitate this effect.

We find that the simulated ensembles at both 300 and 450 K
exhibit more secondary structure in the absence of denaturant
than measured experimentally in 2 M GdnHCI. To compare the
structuring seen in the simulations to previous experimental
measurements of NMR chemical shiftsin denaturant,>® we used
the CamSHIFT algorithm to predict AC, chemical shift
deviations from random-coil values®” using the coordinate
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structure propensities of the 300 K (top) and 450 K (middle) ensemble started from the extended state (black outline), plotted against predicted chemical
shifts from the CamSHIFT agorithm (purple bars). Propensities are calculated as percent o-helix minus percent f3-sheet, using the DSSP algorithm. The
correlation between simulated propensities and predicted chemical shifts is shown to the right. (c) Chemical shift deviations from random coil in 2 M
GdnHCI, as measured experimentally by Yi et al. (2000). Random coil values in al figures are from Wishart and Sykes (1994).

snapshots (Figure 4). We found CamSHIFT to be more accurate
than the SHIFTX and SPARTA agorithms for this purpose
(Figure S6). We note that these results might also reflect
enhanced secondary structure in the simulations due to force-
field effects such as torsional biases or due to compaction itself.

Surprisingly Slow Intramolecular Contact Ratesin Denatured
States. We performed Trp-Cys quenching studies using two
protein L constructs, T57C and K23C, each of which was
engineered to have asingle cysteine mutation at least 10 A from
W47 in the folded structure. Under conditionsin which at least
some of the protein population is unfolded, tryptophan triplet
kinetics exhibit a rapid decay due to contact quenching of the
tryptophan by cysteine within an unfolded chain and a slower
(~40 us) decay due to the natural decay of the triplet within
the folded state. The observed rate is determined by both the
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rate of intramolecular diffusion, which brings the excited
tryptophan and the cysteine residues together with a diffusion-
limited forward rate kp, and a reaction-limited rate kg due to
irreversible quenching that occurs only when the residues are
in close contact. The observed rate kqy,s Can be written as

1_ 1 . 1
ke KD Koo (T,1)

where we assume that the reaction-limited rate, kg, depends only
on temperature and kp+ depends on both temperature and
viscosity.?® By varying temperature and viscosity, it is possible
to determine these quantities by fitting 1/kq,s VS viscosity (1) at
constant temperature to a line with intercept equal to 1/kg and
slope equa to 1/nksy (Figure 5).
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Figure 5. (8) Measured tryptophan triplet rates of F22A in 1.5 M GdnHCI
at various temperatures and viscosities. The lines are a global fit to egs S3
and $4. (b) Reaction-limited (red) and diffusion-limited (blue) rates of K23C
(circles) and F22A K23C (triangles) at various concentrations of GdnHCI.

Whereas kpy is a measure of the time scale of chain
reconfiguration in the unfolded state, kr reflects the fraction of
the unfolded-state population with particular residues in close
contact. Thus, these two quantities give avery sensitive measure
of both dynamical and structural information about protein
unfolded states. See Supporting Information for details about
experimental determination of these rates.

The values of kp; and kg (circles) plotted in Figure 5b are
taken from ref 20 and are limited to fairly high denaturant
concentrations because the protein population must be at least
20% unfolded to accurately measure Kqns. Therefore we added
the destabilizing mutation F22A to the K23C mutant, which is
partialy unfolded at denaturant concentration as low as 0.25
M GdnHCI. The diffusion-limited and reaction-limited rates for
K23C F22A are plotted as triangles in Figure 5b. These data
show a significant increase in kg and decrease in kpy+ with
decreasing denaturant at [GdnHCI] < 2 M, indicating compaction
and loss of diffusivity. At higher [GAnHCI] we see that kr is
lower and kp is higher for the mutant than for the wild type.

These results are remarkable for two reasons. First is the
extremely slow rate of intramolecular diffusion, decreasing over
an order of magnitude as denaturant is decreased. Extrapolating
this trend suggests that in the absence of denaturant folding rates
may be limited by low diffusivity. Second, our results show
that a single mutation of a hydrophobic residue significantly
expands the ensemble and increases the intramolecular diffu-
sivity. Such an extensive change in the unfolded state raises
interesting questions about biophysical processes in which the
structure and dynamics of folding may be fine-tuned specificaly
by unfolded-state effects.>®° Intrinsically unstructured proteins,

(58) Cho, J.-H.; Raleigh, D. P. J. Mol. Biol. 2006, 359, 1437-1446.

(59) Brewer, S. H.; Vu, D. M.; Tang, Y.; Li, Y.; Franzen, S,; Raleigh,
D. P.; Dyer, R. B. Proc. Natl. Acad. Sci. U.SA. 2005, 102, 16662—
16667.

for example, may rely on such tuning to efficiently couple
folding and binding.%5*

Experiment and Simulation M ake Quantitative Predictions of
Unfolded-State Structure and Dynamics. To compare the ob-
served dynamics to those calculated by MD, we use a theory
by Szabo, Schulten, and Schulten (SSS) that models intramo-
lecular dynamics as diffusion on a one-dimensional potential
determined by the probability distribution of the observed
intramolecular pair.*®%? The reaction-limited and diffusion-
limited rates are then given by

ke = [ “a(r) P() o @

= é S art Seaw — kP a3

where r is the distance between the tryptophan and cysteine
and P(r) is the probability density of finding the polypeptide at
that distance, calculated from the simulation. D is the effective
intramolecular diffusion constant, a is the distance of closest
approach (defined to be 4.5 A), I, is the contour length, and
q(r) is the distance-dependent quenching rate. The distance-
dependent quenching rate for the Trp-Cys system has been
determined experimentally and drops off very rapidly beyond
4.5 A, so the reaction-limited rate is mostly determined by the
probability of the shortest distances.®®

To present the comparison between the reaction-limited rates
from experiment and simulation, we align the temperature and
[GdnHCI] axes on the same plot according to the polymer theory
calibration above, with simulated temperature 300 K corre-
sponding to 0 M [GdnHCI] and 450 K corresponding to 3.2 M
(Figure 6). We see remarkable agreement between kg from
measurement (using eq 1) and simulation (using eq 2) in the
denatured-state regime, where there is overlap of simulated and
experimental ensembles. Simulations at low temperature cor-
responding to the absence of denaturant predict a compact
globular state with ks values increased by an order of magnitude.

We find that al-atom simulations are sensitive enough to
predict differencesin unfolded-state structure and dynamics due
to single-residue mutations. At lower simulation temperatures
(300 and 330 K), we predict kg values for F22A that show an
expanded ensemble compared to wild type, consistent with
experiment. However, at higher simulation temperatures the
predicted ks values differ only dlightly from wild-type values
(Figure 6, a and b).

Structural comparison of the smulated wild-type and F22A
ensembles offers a biophysical hypothesis for the differences in
unfolded state. Simulations a 300 K show an incresse in loca
helicity near F22A and an increase in average inter-residue
distances between residues in the central helix and C-termind
hairpin (Figure S7). These changes are consistent with amodel in
which the F22A mutation disrupts long-range hydrophobic core
interactions, increasing intramolecular diffusivity. Simulated Ry
vaues for F22A after 1 us are only ~5% larger than wild type,
which is consgstent with forthcoming smFRET studies showing
minimal changes in mean-FRET compared to wild type. This

(60) Wright, P. E.; Dyson, H. J. Curr. Opin. Sruct. Biol. 2009, 19, 31-38.

(61) Dyson, H. J.; Wright, P. E. Nat. Rev. Mol. Cell Biol. 2005, 6, 197—
208.

(62) Szabo, A.; Schulten, K.; Schulten, Z. J. Chem. Phys. 1980, 72, 4350~
4357.

(63) Lapidus, L. J.; Eaton, W. A.; Hofrichter, J. Phys. Rev. Lett. 2001, 87,
258101.
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Figure 6. Comparison of unfolded-state dynamics computed from simula-
tion and experiment. (a, b) Reaction-limited rates ks for loops (a) T57C
and (b) K23C measured in various concentrations of (GdnHCI) (blue) and
calculated from simulated P(r) (red) using eq 2. Wild-type values are shown
as circles; F22A values as triangles. The 500 and 600 K predicted values
included in () are from standard MD simulations. (c, d) Three calculations
of intermolecular diffusion coefficients D for loops (c) T57C and (d) K23C
are compared here: the average D after 1 us calculated from simulated mean-
squared displacement over time (green); a “hybrid” D calculated using eq
3 from the simulated P(r) and measured kp+ (red); and D calculated from
ref 20, in which a wormlike chain model was used to match the measured
P(r) at a particular [GdnHCI] (blue).

comparison aso further demonstrates that the Trp-Cys method is
more sengitive to small changes in the unfolded-state distribution.

Simulated and experimental values of the intramolecular diffu-
sion coefficient D are shown in Figure 6, ¢ and d. Simulated
diffuson coefficients (green) were calculated directly from the
trgjectory data by fitting the mean-squared displacements of
Trp—Cys distances over time in 50 ns windows. These values
decrease over time, equilibrating after ~1 us (Figure S8), so we
compute D asthe average value after thistime. We also computed
a“hybrid” value of D using eg 3 with the experimental vaue for
ko+ and the smulated values of P(r) (red). These were compared
to values of D caculated in ref 20 using a wormlike chain model
(blue). For purposes of comparison, the hybrid values use the P(r)
of the smulated 300, 330, and 370 K ensembles with the kp+
measured at 0.25, 1.5, and 2.3 M GdnHCl, respectively.

The values of D from the 450 K simulations, which we
calibrated to ~3.2 M GdnHCI using polymer theory, agree well
with the measured values at 3.0 M GdnHCI for al three
methods. For lower temperatures, the estimates of D from
simulation are lower than the experimental and “hybrid” values.
Since thereis reasonably good agreement for kg at low ssimulated
temperatures, we must conclude that the diffusion coefficients
calculated from mean-squared displacement are artificially low.
Consistent with this conclusion are inter-residue autocorrelation
times in simulated ensembles after 1 us, which we calculate to
be on the ~100 ns time scale (Table S1). An inspection of our
unfolded-state molecular dynamics simulations shows that over
time the chain occupies many long-lived, compact globular
conformations stabilized by nonspecific nonlocal interactions.
Thus, we interpret the low simulated values of the diffusion
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coefficient as mainly a thermodynamic effect, due to the fact
that GBSA models overstabilize compact states, in turn slowing
the dynamics of chain rearrangement. We note that other, more
subtle effects may also be present, such as the lack of
hydrodynamic interactions.®* The plotted values of D versus
temperature calculated from simulation by mean-squared dis-
placement (Figure 6, ¢ and d, green) are not corrected for
experimental temperature. If so, the additional decrease in D
would further underscore the extent of low intramolecular
diffusivity seen in the simulations.

Regardless of these smulation artifacts, the low intramolecular
diffusvity we observe is generally consistent with the dow (50
us) relaxation observed in ultrarapid mixing experiments.*® Con-
sidering the mean-sguared displacement calculation as alower limit
on D and the SSS calculation as an upper limit and extrapolating
logarithmically to low temperatures, we conclude that, under
folding conditions, D is at least 1.5 and as much as 3 orders of
magnitude smaller than under high denaturing conditions.

Conclusion

We have made significant advances in using all-atom mo-
lecular simulation as a predictive tool to characterize protein
unfolded-state dynamics and structure in concert with experi-
ments, in this case, Trp-Cys quenching studies that directly
measure intramolecular diffusion for unfolded states of protein
L. To overcome the limitations of traditional MD simulations,
we used a combination of accelerated simulations on fast
graphics processsors and distributed computing to generate
converged unfolded-state ensembles, and used a polymer theory
method for making specific quantitative connections between
experiment and simulation. While the simulated distribution of
inter-residue distances gives very good predictions of measured
intramolecular contact rates, polymer theory fits to the simulated
ensemble data as well as simulated intrachain dynamics suggest
that implicit solvent simulations overly stabilize compact states,
indicating the need for improved implicit solvent models.

In simulation and experiment, we find that intramolecular
diffusion in unfolded states of protein L are very slow compared
to highly denatured chains and that a single-residue mutation
can significantly alter unfolded-state dynamics and structure.
This has wide-reaching implications for the role of the unfolded
state in the overall folding reaction, often thought of as an
ensemble of rapidly interconverting configurations. Our work
suggests arugged folding landscape in the absence of denaturant,
with chain collapse on the 0.1—1 us time scale, native-like
structural heterogeneity, and extremely low diffusion rates that
may limit the folding reaction.

The ability for simulation to make quantitative predictions
of experiment suggests that the door may now be open to much
more detailed study of unfolded states. In the future, we
speculate that advanced simulation methods, such as those
presented here, combined with experiment, will be used to obtain
valuable information about unfolded states and folding mech-
anisms for proteins of key biological importance.
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