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A number of rapidly folding proteins have been characterized Folded Population Growth
in recent year$.These small proteins can provide the first direct —_
comparisons between simulated and experimental protein folding § 3
kinetics and pathwaysProteins have been characterized through c — 3.0
thermodynamic sampling metho#isinfolding simulations, and -.,% 28 ke =1/1.5
folding simulations using simple potentidlddere, as described § 2 1 - e =1lous
recently? we use several thousand stochastic dynamics simulations L 2.6
in a generalized-Born implicit solvent (in atomic detail) to simulate 2 1 ke=1/3.1ps
the folding dynamics of the Trp cage mini-protein under experi- £ /
mental conditions (27C with full solvent viscosityy = 91 psY). o ki =1/6.9 ps
The Folding@Home distributed computing project was used to ch 0 - ’
generate an aggregate simulation time~df00 us (~250 CPU 0 15 30
years). First we capture the rapid relaxation from an extended Time [ns]

starting condition to a relaxed unfolded state ensemble of thousands_ i ) o i
of conformations. With continued simulation, a small fraction of Figure 1. Estimated Trp cage folding kinetics. (A) The time-resolved
- . ! population of folded molecules in the ensemble of over a thousand folding

these simulations reach the folded state. Furthermore, the topologysimulations for a variety of RMSE, cutoff values. We fit each of these
of the collapsed unfolded state closely resembles the native statepopulation growth curves to the initial stage of a single-exponential folding

The 20-residue Trp cage (NLYIQWLKDG GPSSGRPPPS) reaction'to determin_e rate constants assuming the folding reaction will reach
contains a short-helix from residues 2 through 8, aghelix from completion at long imes. With 3.0 A_: 15us, 2.9 Av =20ps,28 A

. . ) ) r=3.1us, 2.7 At =55us, 2.6 At =6.9us, 2.5 Ar =8.7us.
residues 11 through 14, and a C-terminal poly-proline Il helix to
pack against the central tryptopHaHagen and co-workers present  the estimated folding rate given a range of reasonable RMSD
direct experimental evidence for cooperative two-state folding with cutoffs at and below 3.0 A. The estimated rate varies more from
a room-temperature folding time ofi4.” With the assumption of  the arbitrary RMSI, cutoff than any fitting errors. Thus we present
two-state folding kinetics, short simulations from the unfolded state @ bounded folding time estimate ranging frame 1.5 us using a
under native conditions have a certain small probability of folding. 3.0 A cutoff to 8.7us for a 2.5 A cutoff. We emphasize that the
The length of the simulations must, of course, exceed the barrier- estimated folding rate assumes two-state folding to completion.
crossing time to fold. Furthermore, each simulation must include By capturing the folding ensemble very early into folding (tens
the time necessary to relax from a denatured state (here modelecdf ns), our methodology gives us a detailed view of the unfolded
as a completely extended form) to the unfolded state under nativestate under native conditions. Recently, we have postulated that in
conditions. The Trp cage simulations collapsed in only nanoseconds.certain cases the ensemble averaged mean structure of the unfolded
In fact, the entire extended state ensemble relaxed to a compacstate may have nativelike topolo§yrhe sampling of the unfolded
unfolded state ensemble in less than 10 ns. state of Trp cage in our simulations has allowed us to test this mean

We continued the folding simulations well past the initial ~Structure hypothesis. At each time point along the folding trajectory
relaxation (over 1000 simulations extend to 30 ns) and observedWe calculated the £-C; distance matrix. By averaging these
folding events consistent with a two-state folding pathway. For a matrices, we obtained mean matrices representative of the ensemble
two-state protein with a folding constant= 4 us, we would expect at each time point. Since these matrices do not correspond to any
~7.5 out of 1000 molecules to fold within the first 30 ns assuming individual structure, we further asked which real, physical conformer
rapid relaxation to the unfolded state and rapid two-state barrier in the simulated ensemble at each time point was closest to these
crossing. Our simulations were generated through distributed mean matrices, such that their distance root-mean square deviation

computing techniquésand the full set of data includes simulations (dRMS) from the mean £-C; matrix is smallest (dRMS is a

of many different lengths (i.e~3000 simulations run to 1 ns;2000 standard metric for comparing two structures, i.e., distance matrices,

simulations extend to 5 ns;1000 to 30 ns;~650 to 40 ns~160 defined as dRMS= [235-j[D;(1) — Dy(2)]4n(n — 1)1*2, where

to 80 ns). Djj(x) refers to the distance between atoirendj in structurex
Given that the relaxed unfolded ensemble has fairly low RMSD  andn is the total number of atoms included within each structure.

(the distribution is centered abow#4.8 after 30 ns) and that the We find that the mean structure is similar to the NMR structure

relaxed folded ensemble is centered abe@t4 after 10 ns, the  Of the native state, with dRMS and RMgpvalues within the
choice of a good RMSR, cutoff to define “folded” conformations variation of the native state. For all time points after 10 ns (after

from the unfolded ensemble is not trivial. In Figure 1 we present collapse), the mean structure is, on average, closer (RMSD
the NMR structure than 87% of the other ensemble members. In

* Corresponding author. E-mail: pande@stanford.edu. the most favorable example (at 33 ns) RMSB= 2.1 A. Figure 2
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Figure 2. Trp cage unfolded state topology and folding results. For the unfolded ensemble we show (A) theRditSibution at 33 ns, (B) the mean
structure at 33 ns, and for comparison (C) the Trp cage NMR structure (1L2Y). We pick the member of the folding simulation ensemble that@as a C
distance matrix closest to the ensemble averageeQg distance matrix (the mean structure, MS). The structure is more similar (RMSI2.1 A) to the

NMR structure than 99.6% of the unfolded ensemble at 33RISDc,> = 4.8+ 0.9 A. We also show (D) an example folding trajectory, with snapshots

at1, 6,9, and 33 ns. This trajectory contains the lowest RM3Dnformation reached in a folding simulation (1.4 A from the NMR structure at 33 ns, eight
trajectories pass below 2 A). The helix{9) is shown in red and the;@turn (11—14) in blue. Note the rapid formation of fluctuating nativelike secondary
structure, the initial packing of Arg16 between Trp6 and Leu7 at 6 ns, and the repacking of Argl6 behind Trp6 at 9 ns. At 29 ns the Arg16 formed its native

interaction with Asp9 allowing the trajectory to reach very low RMGD

shows the RMSR, distribution at 33 ns (from 996 conformations)
where the mean structure is more similar to the NMR structure
than 99.6% of the unfolded ensemble at that time point. We note
that this example reproduces the native state topology but contains
a m-helix, rather than am-helix, and an altered core packing. In
general, if we consider the mean-structure hypothesis as a prediction
method, we can select nativelike states from among the vast
majority of unfolded Trp cage structures; this fact holds for all time
points after 10 ns, when the unfolded ensemble has collapsed to a
compact globule.

The Trp cage has lived up to its promise as a meeting point for
simulation and experiment. Not only can molecular dynamics
generate folding trajectories, but it appears to have quantitative
predictive power for both folding rates and structure. We look
forward to extending the grounds for comparison to folding
mechanism, unfolded state structural detail, and temperature or
viscosity rate dependence.
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