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Dynameomics: A Consensus View of the Protein Unfolding/Folding
Transition State Ensemble across a Diverse Set of Protein Folds

Amanda L. Jonsson,†‡ Kathryn A. Scott,‡ and Valerie Daggett†‡*
†Biomolecular Structure and Design Program, and ‡Department of Bioengineering, University of Washington, Seattle, Washington

ABSTRACT The Dynameomics project aims to simulate a representative sample of all globular protein metafolds under both
native and unfolding conditions. We have identified protein unfolding transition state (TS) ensembles from multiple molecular
dynamics simulations of high-temperature unfolding in 183 structurally distinct proteins. These data can be used to study indi-
vidual proteins and individual protein metafolds and to mine for TS structural features common across all proteins. Separating
the TS structures into four different fold classes (all proteins, all-a, all-b, and mixed a/b and aþ b) resulted in no significant differ-
ence in the overall protein properties. The residues with the most contacts in the native state lost the most contacts in the TS
ensemble. On average, residues beginning in an a-helix maintained more structure in the TS ensemble than did residues starting
in b-strands or any other conformation. The metafolds studied here represent 67% of all known protein structures, and this is, to
our knowledge, the largest, most comprehensive study of the protein folding/unfolding TS ensemble to date. One might have
expected broad distributions in the average global properties of the TS relative to the native state, indicating variability in the
amount of structure present in the TS. Instead, the average global properties converged with low standard deviations across
metafolds, suggesting that there are general rules governing the structure and properties of the TS.
doi: 10.1016/j.bpj.2009.09.012
INTRODUCTION

The major rate-limiting step is a critical juncture along the

protein folding pathway. The corresponding transition state

(TS) ensemble contains contacts that are important for

folding, including nonnative interactions that cannot be pre-

dicted solely from the study of native state structures. Charac-

terizing the general properties of the TS ensemble can help us

to deduce which residues play important roles in the protein

folding/unfolding pathway.

The TS is inherently unstable and difficult to characterize

experimentally. High-temperature, all-atom molecular

dynamics (MD) unfolding simulations have been used to

obtain atomic-level detail about putative TS structures. For

example, a combination of MD simulations and experimental

V-value analysis revealed a diffuse TS for chymotrypsin

inhibitor 2 (CI2), with a small cluster of hydrophobic residues

that act as the nucleus for folding (1–5). Experimental folding

studies of SH3 domains have revealed a more polarized TS

structure, with a nucleus for folding but little structure else-

where along the sequence (6–8). MD simulations of SH3

domains have revealed atomic-level detail of the TS struc-

tures and emphasized the importance of the native topology

in determining the folding/unfolding pathway (9–11). Exper-

imental data are available for only a small number of proteins,

thus far limiting our ability to study the general features of the

TS ensemble across all proteins.
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We have used MD simulations of both high- and moderate-

temperature unfolding, as well as simulations including

chemical denaturants (2,12), to characterize TS ensembles

for nearly 20 years (1,2,13–18). We have extensively charac-

terized the unfolding behavior for CI2, as well as other

systems, including the engrailed homeodomain (EnHD)

(15), c-myb (19), E3BD (20), WW domains (16,21,22),

protein A (23,24), the FF domain (25,26), a-spectrin (27),

FKBP12 (14), and barnase (13). In each case, we compared

the unfolding pathways from simulation to all available exper-

imental data.

To illustrate in particular what our approach can provide

with respect to prediction, the TS of EnHD contains native-

like secondary structure and a partially packed hydrophobic

core, which is consistent with a framework mechanism of

folding. The calculated and experimental F-values for the

TS are in good agreement (R ¼ 0.85) (15,28). The simulated

unfolding process is independent of temperature, and essen-

tially the same transition states are obtained at 348, 373, and

498 K (17,29). The TS was done as a prediction: the TS

structures and their description were first published in 2000

(29). The experimental results became available 3 years later,

and we published the MD and experimental F-value analysis

together in 2003 (15). From the transition state, reorientation

of the helices, expansion, and disruption of the helix docking

lead to the intermediate state. This intermediate state has a

high helical content and few tertiary contacts. We first re-

ported this structure in 2000, and expanded the description

in 2003 and 2004 (17,28,29). In 2005, the structure of the

intermediate was determined by NMR, and it is very similar

to our prediction (30).

In addition, we have directly demonstrated the principle

of microscopic reversibility, showing that the unfolding
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pathway is the same as the folding pathway in continuous

simulations at the Tm for EnHD (31) and CI2 (32). The TSs

identified from unfolding simulations at a range of tempera-

tures show similar amounts of structure for EnHD (15,17),

CI2 (2,33), and FBP28 WW domain (16); that is, raising the

temperature affects the rate of the process but not the pathway.

Furthermore, we have found that the urea-induced TS is

similar to the thermally derived TS for CI2, in agreement

with experiment (2). However, neither single-molecule pull-

ing nor force-induced unfolding yielded the same TS as either

bulk experiments or thermal unfolding by MD for barnase (it

came as no surprise that pulling altered the pathway) (34).

Given our success with previous systems, and our desire to

more systematically and thoroughly sample fold space, as

part of the Dynameomics project (35), we have extended

our approach to the identification and comprehensive charac-

terization of TS properties from MD simulations in a high-

throughput manner across a diverse set of protein metafolds.

The first step in the Dynameomics project was the identifi-

cation of a set of 1129 protein metafolds that represent essen-

tially all known globular protein structures in the Protein Data

Bank (36). Our initial goal is to simulate a single representa-

tive from each fold where possible, as there is evidence that

the properties of the folding pathway are shared across

members of a fold family (15,37,38). To date, we have studied

the native state behavior of a set of 188 structurally diverse

proteins (35), which represent ~67% of all known protein

structures. The native simulations are stable and agree well

with NMR chemical shifts, NMR nuclear Overhauser effect

crosspeaks, and crystallographic B-factors for those proteins

with readily accessible experimental data for comparison

(35). These native simulations now serve as a reference for

our study of protein folding/unfolding pathways.

Here, we present the properties of the TS ensemble iden-

tified from the high-temperature unfolding simulations of

this 188-protein set. These results represent the largest, most

comprehensive description of protein folding/unfolding TS

ensemble to date. These data can now be used to study indi-

vidual proteins and fold families and to mine for TS struc-

tural features across protein folds.

METHODS

From 181 Dynameomics protein metafolds, 188 proteins were taken to be

considered here (35). A single native state 298 K simulation was performed

for each protein, and the analyses have been described (35,39). Each protein

was also simulated multiple times at high temperature (498 K) to study

unfolding pathways, resulting in over 1300 high-temperature unfolding

simulations. All simulations were performed using in lucem molecular

mechanics (40) and the potential function of Levitt et al. (41) with the micro-

canonical ensemble (NVE, or constant number of particles, volume, and

energy).

Simulation protocol

Each starting structure was obtained from the Protein Data Bank (42), and

any missing atoms were added. All Cys residues were reduced to allow

unfolding in the absence of disulfide bonds. Each target protein of interest
was minimized for 1000 steps of steepest-descent minimization in vacuo.

The structure was then solvated in a periodic box of flexible F3C water

molecules (43) with a density of 0.829 g/ml (44) for 498 K. The solvent

box extended at least 10 Å from the protein in all dimensions. The water

molecules alone were then minimized for 500 steps, followed by 1 ps of

MD. The energy of the water molecules was then minimized for another

500 steps, followed by 500 steps of minimization of the protein. Each

simulation used a 2-fs time step for integration and an 8-Å force-shifted

cutoff for nonbonded interactions (41,45). We ran two simulations for at

least 31 ns each at 498 K for each protein. To further sample the TS and early

unfolding events, we ran three to five additional shorter simulations (for

at least 2 ns) at 498 K. Specifics of the methods have been presented

previously (46).

TS identification

We identified TS ensembles from unfolding simulations using the conforma-

tional clustering method of Li and Daggett (5,47). In short, the Ca root mean-

square deviation (RMSD) was calculated between each pair of structures

from the unfolding simulation. We used classic multidimensional scaling

on the resulting Ca RMSD matrix to produce a three-dimensional represen-

tation of the data. Structures with similar Ca RMSDs cluster together in the

3D projection. The 3D representation was then examined visually to identify

cluster exits. The TS ensemble was defined as the 5-ps window of structures

immediately preceding the exit from the first, nativelike cluster. To identify

the TS ensemble, we typically zoom in on the early events in the unfolding

pathway by clustering separately over the first 500 ps, 1 ns, and 2 ns. We inde-

pendently confirmed the TS ensembles using a newly developed one-dimen-

sional reaction coordinate based on 15 physical properties (R. D. Toofanny,

A. L. Jonsson, and V. Daggett, unpublished results), in this case the sparsely

populated region between the native and the denatured states.

Simulation analysis

All analyses were performed with in lucem molecular mechanics (40). The

standard analyses have been described previously (35). We accessed the

Dynameomics database (49,50) to average properties over the TS structures

from the unfolding simulations. Pairwise residue contacts were also

computed for the aggregate TS ensemble and compared with the native-state

simulations. The number of times each pairwise contact was present in the

TS ensemble for one protein was calculated and then divided by the number

of structures used in the calculation. To determine the average properties

over all proteins, the average pairwise contacts for each protein were

combined and divided by the total number of proteins. The same calculation

was then carried out over 1–21 ns of all 298-K simulations. The native value

was then subtracted from the value for the TS ensemble. Neighboring (i / i

and i / i þ 1) contacts were excluded in all cases.

RESULTS

We identified putative TS ensembles from unfolding simula-

tions for 183 of the 188 proteins in our data set. The remaining

five proteins (Protein Data Bank codes 1du5, 1f8d, 1vmo, 2sil,

and 2trc) unfolded too rapidly for the TS ensemble to be iden-

tified. All 498 K simulations were subjected to our standard

analyses (35). Structure indices, or S values (1), were calcu-

lated over the TS ensemble for each simulation and averaged

for each protein. S values are a product of two terms, S2� and

S3�. S3� is the ratio of number of contacts made in the TS struc-

tures to the number of contacts in the reference structure.

Contacts were calculated on a per-atom basis, excluding

hydrogen atoms and atoms in adjacent residues. S2� is the ratio

of native secondary structure present in the TS ensemble.
Biophysical Journal 97(11) 2958–2966
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FIGURE 1 Typical distributions for the ratio of TS prop-

erties to native-state properties over all proteins. For each

property, the mean TS value is calculated over all structures

in the TS ensemble and the mean native state value. The

ratio of the mean TS value over the mean native state value

is plotted as a histogram.
Those residues residing in a-helix or b-strand in the native

state were required to maintain their native secondary struc-

ture (for helix, �100� < f < �30�, �80� < j < �5�;
for b-strand, �170� < f < �50�, 80� < j < �170�). All

other residues were considered to maintain their native

structure if their (f,j) angles were within 35� of the corre-

sponding angles in the reference structure (the simulation

starting structure).

The resulting data have been analyzed at three different

levels. First, the global TS properties were calculated over

the whole data set and over particular fold classes. Second,

we looked for trends on a per-residue basis, using S3� and

S as measures of structure in the TS ensemble. Finally, we

examined the distributions of pairwise contacts in the TS

ensemble relative to the native state. Regarding fold classes,

we examined four categories: all proteins, all-a, all-b, and

mixed a/b proteins. The classes were defined using a combi-

nation of SCOP (51) and CATH (52) fold-type classifica-

tions. The all-a fold class contains 46 proteins from our

data set, 44 are in the all-b class, and 84 are mixed a/b.

Nine proteins in our set did not fall into these categories

according to SCOP and CATH.

Global TS ensemble properties

The mean value over the TS ensemble for each protein was

calculated for 27 physical properties. To compare among

proteins, two different approaches were taken. First, the

mean TS ensemble value for each protein was divided by

the mean over the native simulation (35). The resulting values

are displayed as a histogram (Fig. 1) and as the mean and SD

calculated over the four fold classes (Table 1 and Table S1 in

the Supporting Material). These results show the average

change in the TS ensemble relative to the native state. There

was a loss of total and native contacts, as well as hydrogen
Biophysical Journal 97(11) 2958–2966
bonds, to ~75% of the value from the native state simulations

(Fig. 1, A–C). At the same time, the total solvent accessible

surface area (SASA) of the TS ensemble was ~30% greater

(Fig. 1 D) and there was a 10% increase in radius of gyration

(Table 1). The SDs overlapped for all four fold classes for all

properties, indicating no significant difference between the

fold classes in the average fractional change when compared

to the native state.

Next, the mean TS ensemble value for appropriate proper-

ties was divided by the number of residues in the protein and

the mean 5 SD was calculated over sets of proteins (Table 2

TABLE 1 Properties of the aggregate TS ensemble of 183

proteins relative to the aggregate native-state ensemble

Fold class

Property All All-a All-b Mixed a/b

Total contacts 0.79 (0.05) 0.82 (0.05) 0.77 (0.07) 0.79 (0.04)

Native contacts 0.75 (0.07) 0.80 (0.08) 0.70 (0.09) 0.75 (0.06)

Nonnative contacts 1.16 (0.35) 1.14 (0.40) 1.25 (0.43) 1.13 (0.27)

Hydrogen bonds 0.80 (0.09) 0.86 (0.07) 0.74 (0.10) 0.80 (0.07)

Hydrophobic

contacts

0.73 (0.04) 0.74 (0.05) 0.73 (0.06) 0.73 (0.04)

Other contacts 0.82 (0.04) 0.84 (0.04) 0.80 (0.05) 0.82 (0.04)

% a-structure (f,j) 0.79 (0.10) 0.80 (0.10) 0.77 (0.15) 0.80 (0.08)

% b-structure (f,j) 1.06 (0.21) 1.29 (0.31) 0.96 (0.12) 0.99 (0.07)

MC SASA 1.35 (0.11) 1.31 (0.10) 1.38 (0.16) 1.37 (0.10)

SC SASA 1.26 (0.08) 1.24 (0.08) 1.26 (0.10) 1.28 (0.07)

Total SASA 1.28 (0.08) 1.25 (0.07) 1.28 (0.10) 1.30 (0.08)

Ca RMSD 1.85 (0.57) 1.81 (0.63) 1.93 (0.67) 1.79 (0.47)

Ca radius of

gyration

1.09 (0.05) 1.09 (0.06) 1.10 (0.06) 1.09 (0.05)

CONGENEAL

Score

1.90 (0.44) 1.81 (0.45) 2.03 (0.56) 1.88 (0.37)

For each property, the ratio of the mean value over the TS ensemble to the

mean over the 298 K simulation (<xTS>/<xN>) was calculated. The values

given in this table are the mean of <xTS>/<xN> over all proteins, with the

SD in parentheses. MC, main chain; SC, side chain.



Dynameomics: A Consensus View of Unfolding TSE 2961
TABLE 2 Per-residue properties of the TS ensemble

Fold class

Property All All-a All-b Mixed a/b

Number of total contacts* 2.73 (0.31) 2.80 (0.27) 2.57 (0.31) 2.81 (0.25)

Number of native contacts* 2.23 (0.35) 2.36 (0.31) 2.02 (0.35) 2.31 (0.27)

Number of nonnative contacts* 0.50 (0.12) 0.44 (0.12) 0.55 (0.13) 0.49 (0.12)

Number of hydrogen bonds 0.55 (0.12) 0.66 (0.11) 0.44 (0.11) 0.56 (0.09)

Number of hydrophobic contactsy 10.78 (1.30) 10.76 (1.28) 10.46 (1.37) 11.10 (1.10)

Number of other contactsy 17.45 (2.01) 19.25 (1.77) 15.82 (1.71) 17.57 (1.22)

Mc SASA (Å2) 17.30 (3.11) 16.12 (2.73) 18.77 (3.00) 16.70 (2.31)

Sc SASA (Å2) 65.13 (8.25) 70.46 (7.34) 63.84 (7.39) 62.60 (7.53)

Total SASA (Å2) 82.43 (9.84) 86.58 (8.43) 82.61 (9.31) 79.30 (8.92)

For each property, the mean value over the TS ensemble was calculated and divided by the number of residues in the protein. The values given in this table are

the mean over all proteins; the standard deviation is in parentheses. Mc, main chain; Sc, side chain.

*Contacts counted on a residue-residue basis.
yContacts counted on an atom-atom basis.
and Table S2). This approach allowed us to compare

proteins of different sizes. Once again, there was no signifi-

cant difference in the values across protein fold classes. Six

properties—the fraction of residues with helical (f,j)

angles, the fraction of residues with b-(f,j) angles, Ca

RMSD, Ca RMSD100 (53), Ca radius of gyration, and

CONGENEAL score (54)—were directly comparable across

proteins and were not divided by the number of residues

(Table 3).

Properties across fold classes were similar, with the excep-

tion of the fraction of residues with helical and b-(f,j)

angles. As expected, the all-a-proteins had more residues

in the a-helical region of (f,j) space than all-b proteins,

and vice versa. The SDs of the average fraction of residues

with a- and b-structure overlapped for all proteins, and the

same is true for the mixed a/b-class. The mixed a/b class

maintained a smaller fraction of residues with helical (f,j)

angles than all-a proteins, whereas the SD for the average

fraction of b-residues overlapped between mixed a/b and

all-b classes (Table 3). At the same time, the fractions

a and b, when divided by the native state, were the same

across fold classes and were similar to each other (Table 1).

TABLE 3 Average properties of the aggregate TS ensemble

Fold class

Property All All-a All-b Mixed a/b

Fraction lp

a-structure (f,j)

0.32 (0.16) 0.53 (0.12) 0.14 (0.09) 0.31 (0.09)

Fraction

b-structure (f,j)

0.37 (0.14) 0.18 (0.08) 0.51 (0.09) 0.38 (0.08)

Ca RMSD (Å) 5.03 (0.88) 4.82 (0.96) 5.29 (0.91) 4.94 (0.77)

Ca RMSD100 (Å) 5.23 (1.84) 5.53 (2.01) 5.58 (1.52) 4.16 (1.38)

Ca radius of

gyration (Å)

15.13 (2.81) 14.37 (2.51) 14.66 (2.67) 15.83 (2.70)

CONGENEAL

Score

0.35 (0.06) 0.32 (0.07) 0.38 (0.08) 0.33 (0.05)

Mean value for each property was calculated for each protein. The values

given in this table are the means over all proteins in the set, with the standard

deviation given in parentheses.
TS ensemble structural properties by residue type

S3� and S values were used to probe the nature of the TS at the

level of residue type. The mean values of S and S3� at each

position were calculated for each protein. Residues were

categorized by amino acid type, and then by the secondary

structure in the native state. Residues were assigned as helix,

b, or ‘‘other’’ in the native structure based on hydrogen

bonding using DSSP (55). Residues were further classified

by the SASA in the native simulation. The peak SASA from

100-ns simulations of GGXGG pentapeptides at 298 K (taken

from our SLIRP database, www.dynameomics.org/SLIRP)

was used as a reference maximum value for each amino

acid (56). The data were separated into two classes, those resi-

dues in the native state with <10% of the maximum SASA

were considered buried, and all other residues were consid-

ered exposed. Table 4 shows S and S3� values for residues

categorized by secondary structure, and Table 5 shows S

and S3� for a subset of residues classified by type, secondary

structure, and SASA. In both tables, the mean value, with

the SD in parentheses, and the value of the most highly popu-

lated bin are given. Figs. 2 and 3 provide a graphical represen-

tation of the data for Ala.

The distributions of the extent of tertiary contacts (S3�) in

the TS ensembles were broad (Fig. 2). Although the distribu-

tions were centered on different values, the mean values for

each secondary type fall within 1 SD of each other. When S3�

values were further divided by SASA, the distributions for

b-residues were almost identical. For ‘‘other’’ and helical

Ala residues, there was a shift to lower tertiary contacts for

buried residues compared to exposed residues (Fig. 2). The

residues with the most contacts in the native state lost the

most contacts in the TS ensemble (Table 5).

The addition of the secondary structural term in the

S-value calculation led to less overlap between the distribu-

tions for residues with each secondary structure type. For

example, the mean and modal values for Ala moved farther

apart, with helical residues having a mean S value of 0.6,

b-residues 0.4, and ‘‘other’’ residues 0.2 (Fig. 3). The pattern
Biophysical Journal 97(11) 2958–2966
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TABLE 4 S and S3� values for amino acids categorized by type and secondary structure in starting native structure

Helix b Other

S3� S S3� S S3� S

Residue Mean Mode Mean Mode Mean Mode Mean Mode Mean Mode Mean Mode

Ala 0.73 (0.16) 0.64 0.58 (0.21) 0.64 0.61 (0.21) 0.64 0.43 (0.18) 0.34 0.90 (1.18) 0.49 0.22 (0.18) 0.04

Cys 0.65 (0.14) 0.64 0.53 (0.18) 0.56 0.54 (0.19) 0.56 0.37 (0.18) 0.34 0.54 (0.25) 0.49 0.17 (0.14) 0.04

Asp 0.74 (0.23) 0.64 0.55 (0.24) 0.56 0.72 (0.37) 0.64 0.46 (0.26) 0.49 0.81 (0.85) 0.64 0.25 (0.20) 0.19

Glu 0.75 (0.22) 0.79 0.59 (0.23) 0.64 0.72 (0.26) 0.56 0.54 (0.23) 0.64 0.94 (1.53) 0.64 0.27 (0.25) 0.04

Phe 0.58 (0.16) 0.56 0.48 (0.17) 0.49 0.49 (0.14) 0.41 0.38 (0.15) 0.34 0.64 (1.43) 0.41 0.17 (0.14) 0.11

Gly 0.77 (0.19) 0.79 0.55 (0.24) 0.64 0.64 (0.31) 0.56 0.35 (0.17) 0.34 0.83 (0.58) 0.64 0.22 (0.18) 0.04

His 0.73 (0.25) 0.56 0.57 (0.23) 0.49 0.59 (0.16) 0.49 0.42 (0.15) 0.34 0.83 (0.93) 0.49 0.24 (0.22) 0.11

Ile 0.63 (0.13) 0.64 0.52 (0.16) 0.56 0.58 (0.16) 0.49 0.45 (0.17) 0.34 0.69 (1.08) 0.41 0.23 (0.32) 0.11

Lys 0.83 (0.23) 0.79 0.64 (0.24) 0.71 0.77 (0.30) 0.64 0.56 (0.27) 0.41 0.93 (1.18) 0.71 0.29 (0.31) 0.19

Leu 0.65 (0.15) 0.64 0.54 (0.18) 0.64 0.59 (0.17) 0.49 0.45 (0.18) 0.41 0.68 (0.66) 0.49 0.23 (0.19) 0.19

Met 0.67 (0.18) 0.64 0.54 (0.18) 0.56 0.57 (0.16) 0.64 0.45 (0.15) 0.34 0.76 (1.28) 0.49 0.17 (0.18) 0.04

Asn 0.70 (0.18) 0.71 0.55 (0.21) 0.64 0.63 (0.22) 0.64 0.45 (0.21) 0.49 0.77 (0.54) 0.49 0.25 (0.20) 0.11

Pro 0.70 (0.20) 0.56 0.54 (0.21) 0.49 0.70 (0.24) 0.64 0.53 (0.21) 0.49 0.82 (0.69) 0.49 0.35 (0.29) 0.19

Gln 0.73 (0.19) 0.71 0.59 (0.22) 0.64 0.62 (0.21) 0.56 0.44 (0.19) 0.56 0.89 (0.98) 0.49 0.27 (0.24) 0.19

Arg 0.77 (0.20) 0.64 0.61 (0.22) 0.64 0.72 (0.30) 0.64 0.52 (0.24) 0.49 1.02 (1.26) 0.64 0.29 (0.22) 0.19

Ser 0.80 (0.23) 0.79 0.62 (0.22) 0.56 0.69 (0.27) 0.64 0.45 (0.22) 0.34 0.91 (1.37) 0.49 0.27 (0.22) 0.19

Thr 0.74 (0.23) 0.71 0.60 (0.24) 0.64 0.66 (0.21) 0.64 0.48 (0.21) 0.34 0.76 (0.54) 0.64 0.28 (0.24) 0.19

Val 0.67 (0.16) 0.64 0.54 (0.19) 0.49 0.59 (0.16) 0.64 0.46 (0.17) 0.49 0.76 (1.18) 0.49 0.24 (0.25) 0.19

Trp 0.56 (0.16) 0.56 0.45 (0.15) 0.49 0.51 (0.17) 0.49 0.37 (0.16) 0.34 0.52 (0.35) 0.34 0.18 (0.12) 0.11

Tyr 0.60 (0.16) 0.49 0.48 (0.19) 0.49 0.55 (0.16) 0.49 0.41 (0.16) 0.34 0.62 (0.78) 0.49 0.21 (0.19) 0.11

Values were separated into 20 bins of 0.075 each. The mode is the most populated bin.
was repeated across the data set, though the magnitude of the

difference in S between helical and b-residues depended on

the residue type. When S values were further categorized by

SASA, little difference was seen between the two distribu-

tions, and the secondary-structure component was dominant

over the extent of burial.

Pairwise contacts in the TS ensemble

To determine whether certain types of contacts were lost or

gained in the TS ensemble compared with the native state,

pairwise contact maps were calculated. Analysis of the

data for all proteins showed a loss of contacts between Ile,

Val, Leu, and Ala residues in the TS, compared with the

native state. In contrast, there was some gain in contacts

between Asp-Lys charged residues (Fig. 4 A). When the

data were classified by sequence separation, the greatest

loss was long-range contacts (greater than i / i þ 15), fol-

lowed by medium- (between i / i þ 6 and i / i þ 15) and

then short-range contacts (less than i / i þ 6) (Fig. 4), as

expected. There was no increase in short-range contacts

between charged residues (Fig. 4 B); however, the number

of medium-range charged contacts increased (Fig. 4 C).

Across the fold categories, the number of short-range

contacts in the TS was similar to that in the native state,

with small increases. The increase in contacts was more

uniform for the all-b-fold category (Fig. S2). All categories

gained some medium-range charged contacts but lost hydro-

phobic contacts (Fig. S1, Fig. S2, and Fig. S3). The all-a-fold

class had the smallest decrease in medium-range hydrophobic

contacts. The all-a-, all-b-, and mixed a/b-fold categories all
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showed a slight increase in long-range charged contacts and a

larger decrease in long-range hydrophobic contacts (Fig. S1,

Fig. S2, and Fig. S3).

DISCUSSION

For the past 15 years, our lab has compared predicted TS

structures to experimental data, with much success. The

comparison has been carried out using all helical proteins

(EnHD (15,17,31), a-spectrin (27), the FF domain (25),

EBD (20), c-myb (15,19), and protein A (23,24)), mixed

a/b-proteins (CI2 (1–5), barnase (13), and FKBP12 (14)),

and all-b-proteins (FBP28 WW domain (16)). We have

now extended our efforts to studying the folding/unfolding

pathways of a structurally diverse set of proteins as part of

our Dynameomics project.

As a result of Dynameomics, we now have a database of

over 6000 simulations, and we describe here the TS ensem-

bles of 1303 simulations of 183 different proteins. These data

can be used in a traditional manner by investigating the prop-

erties of a single protein in detail. We have compared our

predicted TS structures in this data set with the V-values

available for five of the proteins (EnHD, FKBP12, Fyn and

a-spectrin SH3 domain, and Im7) for which good experi-

mental data are available (R. D. Toofanny, A. L. Jonsson, and

V. Daggett, unpublished results). The linear correlation coef-

ficient between the experimental V-values and MD-derived

S values ranges from 0.65 for Im7 to 0.91 for Fyn SH3

domain. The other TS ensembles identified here are predic-

tions that await experimental confirmation.
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The Dynameomics database is also useful for predicting

the TS properties of proteins related to those that have

been simulated. There is evidence that fold family members

share similar TS structures. For example, Im7 and Im9 are

four-helix bundle proteins in which three of the four helices

are formed in the TS. There is significant similarity among

TABLE 5 S and S3� values for selected amino acids (Ala, Asp,

and Leu) categorized by type, native secondary structure, and

SASA

S3� S

Amino acid environment Mean (SD) Modal bin Mean (SD) Modal bin

Ala other buried 0.49 (0.15) 0.49 0.18 (0.13) 0.19

Ala other exposed 1.00 (1.31) 0.64 0.23 (0.19) 0.04

Ala other 0.90 (1.18) 0.49 0.22 (0.18) 0.04

Ala b-buried 0.58 (0.14) 0.64 0.45 (0.17) 0.34

Ala b-exposed 0.68 (0.31) 0.64 0.40 (0.22) 0.26

Ala b 0.61 (0.21) 0.64 0.43 (0.18) 0.34

Ala helix buried 0.67 (0.12) 0.64 0.56 (0.18) 0.64

Ala helix exposed 0.78 (0.18) 0.79 0.59 (0.24) 0.79

Ala helix 0.73 (0.16) 0.64 0.58 (0.21) 0.64

Asp other buried 0.58 (0.17) 0.49 0.25 (0.17) 0.19

Asp other exposed 0.83 (0.88) 0.64 0.25 (0.20) 0.19

Asp other 0.81 (0.85) 0.64 0.25 (0.20) 0.19

Asp b-buried 0.63 (0.17) 0.64 0.45 (0.15) 0.49

Asp b-exposed 0.75 (0.42) 0.64 0.47 (0.28) 0.49

Asp b 0.72 (0.37) 0.64 0.46 (0.26) 0.49

Asp helix buried 0.66 (0.14) 0.64 0.50 (0.18) 0.41

Asp helix exposed 0.76 (0.24) 0.79 0.55 (0.24) 0.56

Asp helix 0.74 (0.23) 0.64 0.55 (0.24) 0.56

Leu other buried 0.47 (0.13) 0.49 0.21 (0.13) 0.11

Leu other exposed 0.79 (0.78) 0.49 0.23 (0.21) 0.19

Leu other 0.68 (0.66) 0.49 0.23 (0.19) 0.19

Leu b-buried 0.55 (0.12) 0.49 0.45 (0.15) 0.56

Leu b-exposed 0.66 (0.21) 0.49 0.46 (0.22) 0.41

Leu b 0.59 (0.17) 0.49 0.45 (0.18) 0.41

Leu helix buried 0.61 (0.10) 0.64 0.52 (0.15) 0.64

Leu helix exposed 0.72 (0.17) 0.71 0.56 (0.21) 0.64

Leu helix 0.65 (0.15) 0.64 0.54 (0.18) 0.64
the TS structures despite the fact that Im7 populates an on-

pathway intermediate, whereas Im9 does not (58). Similarly,

it has been shown, many members of the SH3 domain fold

family share a common polarized TS (59). Using our Dyna-

meomics database, we can make predictions across the 183

proteins. In addition, we hope that these data can aid in

protein design and engineering. For example, MD-derived

TS structures have been used to design faster folding variants

of a protein (60).

In this study, we have focused on identifying the general

properties of the TS ensemble by combining the TS structures

of all 183 structurally diverse proteins in the largest descrip-

tion of TS ensembles to date. Over all proteins, there was an

average 30% increase in the total SASA of the TS relative

to the native state and a 10% increase in the radius of gyration

(Table 1). The largest increases occurred in main-chain polar

and side-chain nonpolar SASA values, indicating that the

structures expanded to expose the hydrophobic residues and

the main chain to solvent, as expected during unfolding.

Over all fold classes, the TS structures maintained 74% of

the native contacts, at the same time gaining on average

16% nonnative contacts relative to the native-state simula-

tions. These data confirm that the TS structures are expanded

versions of the native state.

Experimentally, the average degree of exposure of the TS

ensemble can be measured using the Tanford b-value (bT).

Three- and four-helix bundle proteins typically have high

bT values: 0.83 for EnHD (15), 0.89 for Im7 (58), and 0.90

for hTRF1 (15), for example. Mixed a/b-proteins, such as

CI2 and FKB12, have smaller values, 0.61 (61) and 0.67

(62), respectively. All-b-proteins also tend to have smaller

bT values: 0.65 for FBP28 WW domain (16), 0.68 for Fyn

SH3 domain (63), and 0.69 for Src SH3 domain (64). There

are outliers in each case, for example, all-b cold shock

protein A (CspA) and the all-a R17 domain from a-spectrin,

with bT values of 0.90 (65) and 0.60 (27), respectively. Over
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FIGURE 2 Histograms of S3� values for alanine residues

in different types of secondary structure in the native state.

(A) Histograms for alanine in ‘‘other’’, b, and helical confor-

mations. (B–D) Residues with each type of secondary struc-

ture in the starting state were further subdivided by the

SASA in the native state. Residues >10% buried over the

native simulation were separated from those whose mean

SASA was >10%.
Biophysical Journal 97(11) 2958–2966



2964 Jonsson et al.
the 183 proteins studied here, the average increase in solvent

exposure in the TS ensemble relative to the native state was

28% (Table 1), resulting in a bT value of ~0.72. This value

was not significantly different over the different fold classes.

However, we do obtain a range of possible bT values over all

our proteins of 0.51–0.98, showing that we are capturing the

range of values seen experimentally.

Properties categorized by native secondary structure re-

vealed a preference for maintaining secondary structure

when the residue was part of a helix in the native structure

Ala Helix
Ala Beta
Ala 'Other'

Ala Beta Buried
Ala Beta Exposed

Ala Helix Buried
Ala Helix Exposed

Ala 'Other' Buried
Ala 'Other' Exposed

0

0.1

0.2

0.3

0.
04

0.
19

0.
34

0.
49

0.
64

0.
79

0.
94

1.
09

1.
24

1.
39

S-value

Fr
eq

ue
nc

y
BA

DC

0

0.1

0.2

0.3

0.
04

0.
19

0.
34

0.
49

0.
64

0.
79

0.
94

1.
09

1.
24

1.
39

S-value

Fr
eq

ue
nc

y

0

0.1

0.2

0.3

0.
04

0.
19

0.
34

0.
49

0.
64

0.
79

0.
94

1.
09

1.
24

1.
39

S-value

Fr
eq

ue
nc

y

0

0.1

0.2

0.3

0.
04

0.
19

0.
34

0.
49

0.
64

0.
79

0.
94

1.
09

1.
24

1.
39

S-value

Fr
eq

ue
nc

y

FIGURE 3 Histograms of S values for alanine residues

that are in different types of secondary structure in the

native state. (A) Histograms for Ala in ‘‘other’’, b, and

helical conformations. (B–D) Residues with each type of

secondary structure in the starting state were further subdi-

vided by the SASA in the native state. Residues >10%

buried over the native simulation were separated from

those whose mean SASA was >10%.
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compared to residues starting in b and ‘‘other’’ secondary

structure types. For each residue type, with the exception

of Pro, the distribution of S values was skewed toward higher

values if the residue began in a helical conformation than

if the native secondary-structure conformation was b or

‘‘other’’. Although the SDs of the average S value overlap-

ped for each starting conformation, in each case, the most

populated bin in the distribution of S values was highest

for residues starting in a helical conformation (Table 4). In

addition, residues that were buried in the starting structure

had a higher proportion of residues with lower fractions of

contacts compared to the native state. Therefore, residues

that started with the most contacts lost the largest fraction

of contacts by the TS.

We have described the general properties of the TS

ensemble from a diverse set of protein structures, represent-

ing ~67% of all known protein structures. We can imagine

a scenario in which proteins from different folds pass through

TS ensembles with vastly different properties, such as a large

expansion in the TS when compared to the native state, as

measured by SASA, or varied numbers of native contacts

in the TS. This scenario would lead to broad distributions

and large SDs in the average properties. Instead, across the

diverse set of folds studied here, the average global properties

have relatively small SDs (Tables 1–3). Even though the per-

residue properties depend on the starting secondary-structure

conformation and extent of burial, we have identified

unifying features of the TS ensemble across folds, suggesting

that there are very generic rules governing the structure and

global properties of the TS ensemble.
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