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Abstract

Structure is only the first step in understanding the interactions and functions of proteins. In this
paper, we explore the flexibility of proteins across a broad database of over 250 solvated protein
molecular dynamics simulations in water for an aggregate simulation time of ~6 ps. These
simulations are from our Dynameomics project, and these proteins represent approximately 75%
of all known protein structures. We employ principal component analysis of the atomic
coordinates over time to determine the primary axis and magnitude of the flexibility of each
atom in a simulation. This technique gives us both a database of flexibility for many protein fold
families and a compact visual representation of a particular protein’s native-state conformational
space, neither of which are available using experimental methods alone. These tools allow us to
better understand the nature of protein motion and to describe its relationship to other structural
and dynamical characteristics. In addition to reporting general properties of protein flexibility
and detailing many dynamic motifs, we characterize the relationship between protein native-state
flexibility and early events in thermal unfolding and show that flexibility predicts how a protein
will begin to unfold. We provide evidence that fold families have conserved flexibility patterns
and family members who deviate from the conserved patterns have very low sequence identity.
Finally, we examine novel aspects of highly inflexible loops that are as important to structural
integrity as conventional secondary structure. These loops, which are difficult if not impossible

to locate without dynamic data, may constitute new structural motifs.
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Much scientific effort has been spent attempting to catalog, describe, observe, and understand
protein structure and function. Even when the structure of a protein is known, this knowledge is
often not sufficient to elucidate details of the protein’s function or its mode of action, both of
which are pieces of information that are frequently of much greater importance to biologists than
structure. As biologists increasingly seek to understand and modify aspects of cellular behavior
and as protein databases gather more high-resolution 3D structures, the ability to understand key
features of a protein’s dynamic behavior become more important.

Flexibility is critical in determining protein behavior and function. Because proteins are
not static entities (as they are represented in structural databases) and because crystal structures
do not necessarily represent a protein in its active conformation, any attempt to determine
potential biochemical interactions of a protein from these data suffers from a lack of information
about its motion. A quantitative description of a protein’s flexibility provides a summary of its
dominant dynamical modes and significant information about potential conformations available
to it. Flexibility may also provide insight into unfolding and folding pathways because a protein
is most likely to start unfolding, and to finish folding, at a site that is highly mobile. Thus,
flexibility may affect not only function but also unfolding and stability.

Molecular dynamics (MD) is a common method for determining protein motion over
time. MD provides the researcher with snapshots of a protein’s conformation at regular time
intervals. These data, when saved at frequent enough intervals, behave as a stop-motion
photography film and can be analyzed by mathematical and statistical techniques to further
explore protein motion.

The Dynameomics project (Beck et al. 2008) is a large-scale effort to simulate a protein

from every protein fold family (Day and Daggett 2003). The Dynameomics database (Kehl et al.
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2008; Simms et al. 2008) currently contains approximately 450 proteins, each of which has been
simulated for at least 21 ns at a temperature of 298 K. Additionally, it contains at least two
unfolding simulations of each protein at 498 K for 31 ns and at least three short (2 ns)
simulations at 498 K. These simulated target proteins form a data set that spans a considerable
portion of the protein universe, representing more than 75% of all known protein folds.

Here we focus on the analysis of general features of protein flexibility of the native-state
proteins in the Dynameomics project, resulting in a database of protein flexibilities. For 3 of
these highly populated folds, we compared 36 family members to determine if flexibility is
conserved across a fold family. Then we compare native-state flexibility with unfolding behavior
to explore the relationship between flexibility and the mechanism of early unfolding. Finally, we
searched our database of flexibilities for unstructured regions whose flexibility was
uncharacteristically low, and we use these findings to demonstrate how flexibility may be useful
for determining intrinsic properties of structure that are difficult to elucidate with other
techniques.

Results

Here, we focus on the use of principal components of atomic trajectories to analyze the main
chain C, flexibility of proteins in MD simulations using a technique formally described by
Teodoro et al. (Teodoro et al. 2003). This technique provides the magnitude and primary axis of
an atom’s movements. We performed the analysis on all targets in our Dynameomics project for
which we had completed at least 21 ns of simulation at 298 K and for which all of our standard
analyses had been run, a total of 253 proteins when this project began.

General Properties of Flexibility
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The data collected in the analysis of the 253 solvated protein MD simulations yielded several
broad statistics concerning flexibility (Table 1). The distribution of flexibilities of all simulations
can be seen in Figure la. Approximately 85% of the first principal components covered more
than half of the variance of a given atom’s trajectory. The distribution of the portion of variance
covered by the first principal component is shown in Figure 1b. If atoms with very low
flexibilities (< 0.5 A) are excluded, 91% of the first principal components cover more than half
of the variance. If only those atoms with higher than average flexibility are examined, this
percentage climbs to 98%, and among the upper outliers (flexibility > 1.7 A) the flexibility
covers a mean of 76 + 10% of the variance. The distribution of the flexibility of all atoms can be
seen in Figure lc. Less than a third of the variance in all atoms is covered by the final two
principal components together. The ellipsoid formed by the standard deviations along each
principal component for an atom represents that atom’s probable occupancy. The mean
anisotropy of these ellipsoids, defined as the ratio of the shortest to the longest semi-axes of the
ellipsoid, for C, atoms in our simulation was 0.48, excluding upper outliers. This indicates that
the atoms in our dataset have distributions about their mean positions that are marginally less
spherical than the experimentally-derived dataset from 68 proteins examined by Kondrashov et
al. (Kondrashov et al. 2007), whose mean anisotropy was 0.51.

The average correlation of a protein’s flexibility to the mean C, root-mean-square
fluctuation (RMSF) about the average was 0.74. The correlation between the average C, root-
mean-square deviation (RMSD) and the average flexibility was 0.75. The average correlation
between C,, C,, and C flexibility and mean solvent-accessible surface area (SASA) by residue

was 0.25, 0.33, and 0.47, respectively. The Spearman correlation between flexibility and
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hydrophobicity (Black and Mould 1991) by amino acid type was 0.58; if Pro is excluded, this
correlation rises to 0.65.

Properties of Secondary Structure Flexibility

In general, both B-strands and a-helices have flexibility vectors that are more parallel to their
principal axes (i.e. stretching/compressing the structure) at their termini than in the middle.
Histograms of the absolute values of the dot products of the flexibility vectors with the principal
components of the secondary structure units, representing the degree of alignment of the vectors
to the principal axes (1 indicating parallel vectors and 0O indicating perpendicular vectors), are
shown in Figure 2. In the case of a-helices with at least two turns, the principal axis (the first
principal component of the C, atoms) of the helix is approximately parallel to the axis of the
helix while the secondary and tertiary axes point outward toward the loops. In the case of [3-
strands, the principal axis of the strand lies along the backbone of the strand. A summary of the
flexibilities of C,, atoms by residue and secondary structure can be found in Table 2.

Fold Family Flexibility

We examined 12 proteins from each of three fold families: one all a-helical---the three-helix
bundle fold (3HB); one all B-sheet---the SH3 fold family; and one with both an a-helix and -
sheet---the ubiquitin fold family (UBX) (Table 3).

The three-helix bundle fold (3HB) contains members that are among the fastest folding
and unfolding proteins. Each protein contains relatively rigid a-helices and flexible loop regions.
The mean C, flexibility for the a-helices and loops is 0.76 + 0.31 A and 1.43 + 0.83 A,
respectively. Residues of the a-helices flex perpendicular to the axis of the helix (Fig. 3a) in all
cases except two helices of 1el7. The residues flexing highly parallel in 1e17 are E13, L14, 115,

Q17, A18, and 119 in the first helix (Fig. 3b) and L29, A30, Q31, 132, Y33, E34, and R38 in the
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second (Fig. 3c). Other helices in the 3HB family tend to contain Glu, Lys, Val, and Phe residues
but fewer Leu and Ile residues. Table 4 shows the comparison of a collection of 3HB proteins
with an average correlation of the magnitude of the flexibility of 0.76 with values ranging from
0.70-0.92. The final member is a significant outlier (1kkx vs. lenh) with R=0.38.

The SH3 fold family consists of highly inflexible B-strands in barrel-like orientations.
The mean flexibility of these B-strands is 0.47 = 0.21 A and of the loop regions is 1.29 A + 0.68
A. No obvious global patterns exist in the directions of the flexibilities. Table 4 shows a
collection of the SH3 family members compared to each other with an average correlation of
flexibility magnitudes of 0.81 with values ranging from 0.73-0.96. There is a significant outlier
with R=0.45 (1gcp vs. 1ihv).

The UBX fold contains both B-sheets and an a-helix; all of the UBX members studied
have the helix docked against the B-sheet except for 1kot, which additionally contains several
external helices. The mean flexibility of the B-strands is 0.53 +0.27 A, and 0.53 + 0.24 A for a-
helices. In each of the UBX proteins, the residues of the helix and strands exposed to each other
flex more readily along the axis between them. Table 4 shows a collection of UBX family
members compared to each other with an average correlation of flexibility magnitudes of 0.72
with values ranging from 0.61-0.77. A significant outlier with R=0.44 (1kot vs. 1h8c) is also
included.

Overall, the correlation in flexibility between family members is highest when the
sequence identity is high. The correlation between sequence identity and per-residue flexibility
correlation is 0.76. The 3HB family members studied here have the lowest average sequence
identity (Table 4). In addition to the comparisons provided, correlations were calculated

between every possible pair of simulated proteins in a given family. The correlations tended to
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be high with a small number of outlying low values. Of the 198 intra-family protein pairs, only
11 had correlations below 0.1; excluding these, the average correlation between the flexibility
magnitudes of two proteins in the same family was 0.62. Of the 11 pairs with low correlation, all
belonged to either the 3HB or UBQ family, and their average sequence identity was 9% + 6%.
Native-State Flexibility and Early Unfolding Events

The native-state flexibility of the engrailed homeodomain (1lenh), of the 3HB family, was
compared to early events in its thermal unfolding pathway (Fig. 4a). The protein can be broken
down into segments in order of decreasing flexibility: its N-terminus (1.48 A); (H3C) the C-
terminal end of H3; (L1) the flexible residue Y25 between H1 and H2; H3; (L2) the joint
between H2 and H3; H2; and H1 (0.31 A). The first significant unfolding event (within the first
0.1 ns) is the undocking of H3 in conjunction with the lifting of the flexible N-terminal tail
(regions N and L2). This is followed by unwinding of the flexible C-terminus (H3C). These
events begin very early, around 0.3 ns, with a stretching of the helix toward the C-terminus, and
they are complete by 3.5 ns, before the other two helices have begun to unwind significantly.
Another early unfolding event is the movement of H1 from a position parallel to H2 to a skew
position at approximately a right angle. The helices pivot around Y25 between 0.7 ns and 2.4 ns.
The N-terminal end of H3 begins to unwind around 1.6 ns (H3 and L2) and is complete by 3.2
ns; the N-terminal end of H1 does not begin to unwind until 3.8 ns.

The native-state flexibility of the SH3 domain of alpha spectrin (1shg) was similarly
compared to early events in its thermal unfolding (Fig. 4b). This protein is very inflexible overall
(0.5 A) and, in order of decreasing main-chain flexibility, consists of I the C-terminus (0.9 A);
(H) a single a-helical turn near the C-terminus; (NT) the NT Src Loop; (DL) the Distal Loop;

(RT) the RT Loop; and (S) four B-strands. The flexibility vectors of the end of the C-terminus
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and of the helical turn have very strong components in the direction away from and toward the
protein. The first event in the unfolding pathway of 1shg (in the first 0.3 ns) is extension of the
C-terminus (region C) away from the protein in the direction that the flexibility vectors point,
accompanied by the undocking of RT (H and RT). From 0.1-0.2 ns, S2 and S3 (separated by NT)
shift alignment. Around 0.3 ns, S4 pivots on DL and separates from S3. This is accompanied,
around 0.5 ns, by the twisting of RT and the pivoting of S1 around RT. It is not until 0.8 ns that
any of the B-strands bend significantly (S).

The protein ubiquitin (1ubq) is an inflexible protein (0.5 A) consisting of four B-strands
(S) and an a-helix (between S2 and S3) connected by four loops. Its most flexible regions are the
four C-Terminal residues (2.29 A); (L1) Loopl; (L3) Loop3; and (L4) Loop4. The flexibility
vectors of the C-terminus point away from the body of the protein (Fig. 4c). By 0.6 ns of the
simulation, the entire protein expands via the separation of S2 from S1 and the undocking of the
helix from L4 via movement of L1 and L3. Although the C-terminus is highly flexible and
moves considerably, it does not play a significant role in unfolding. Around 0.3 ns, L4 extends,
eventually leading to the separation of S4 from S3 and S1 (between 0.5 and 0.7 ns).
Inflexible Loops
There are 21 loops or unstructured regions consisting of >6 residues in the ensemble of targets
with an average C,, flexibility of < 0.5 A and an additional 353 moderately flexible unstructured
regions with an average of <1.0 A. Seven of the highly inflexible loops are buried or partially
buried in a protein, but 14 of them are exposed to solvent. Table 5 details these 21 regions; we
highlight three of these regions below.

The Ribosomal Protein L14 (1whi) has a highly inflexible loop (mean flexibility is 0.47

A) with sequence All, D12, N13, S14, G15, A16, and R17 (Fig. 5a). A domain from Bovine
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Mitochondrial F1-ATPase (lelq, residues 24-93), of the o/B-subunits F1 ATPase/Thrombin
family, has a highly inflexible region (0.37 A) exposed to solvent with sequence L44, R45, N46,
V47, Q48, A49, and E50 (Fig. 5b). The ice-binding surface of type III antifreeze protein from
ocean pout (1lops, residues 2-65), of the B-clips II family, has a highly inflexible region with a

mean flexibility of 0.45 A and with sequence V26, T27, N28, P29, 130, G31, and 132 (Fig. 5¢).

Discussion

General Properties of Flexibility

Large-scale MD flexibility analysis has never been applied for data mining on the scale of
hundreds of proteins. By employing the basic technique of Teodoro et al.(Teodoro et al. 2003)
with our database of MD simulations, we have collected considerable information regarding the
general flexibility of proteins as well as uncovered both anomalies and patterns concerning
protein dynamics.

The distribution of the variance captured by the first principal components of the C,
trajectories and the correlation with the more conventional C, RMSF supports the validity of
using the first principal component of the trajectory as a measurement of an atom’s flexibility.
The most flexible C, atoms have first principal components that cover the greatest portion of
their total variance, and very inflexible C, atoms have principal components that cover less of
their variance. This observation suggests that the atoms for which flexibility analysis is most like
RMSF are those that are least flexible. This observation additionally suggests that highly rigid
atoms, such as those found in [-strands, undergo small fluctuations with less directed
distributions about a mean position while very flexible atoms, such as those in loops, oscillate

along predictable trajectories. The primary difference between flexibility and RMSF is
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encapsulated in these observations; while RMSF measures all fluctuations from a mean structure,
flexibility analysis isolates the key features of the motion of an atom. In addition to giving a
direction to the atom’s motion, flexibility filters out an atom’s less significant and noisy motions
and gives a measure of the fluctuation of an atom along its most significant mode. The
distribution of flexibility shows that very few atoms are highly rigid compared to the number that
are slightly flexible (> 1 A) and that a small number of atoms are very flexible (> 5 A), which
occurs primarily in tails and loops.

The correlation between average C, RMSD and flexibility shows that highly flexible
proteins are very poorly captured by a small number of static structures and supports the notion
that flexibility should be taken into account in docking and other structure analyses. The
correlation between average C, RMSF and flexibility is expected because of the underlying
similarity in what they measure. This correlation supports the fact that they are related without
suggesting that they are the same. One might expect a high correlation to SASA, because surface
residues would seem to be more mobile than buried residues. However, the correlations between
SASA and flexibility are low because SASA is a very noisy measurement, although there is a
higher correlation for side chain atoms.

The agreement of the anisotropy of atomic flexibilities to the anisotropy derived from
crystallographic anisotropic displacement parameters, as examined by Kondrashov et al.
(Kondrashov et al. 2007), strongly supports the validity of this flexibility metric. The slight
decrease in the anisotropy of our simulations (0.48 vs. 0.51) may be due either to differences in
the sampling of the datasets (68 vs. 253 proteins) or to the dynamical differences between atoms
in solution and in crystals.

Properties of Secondary Structure Flexibility

10
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The flexibility of individual amino acids by secondary structure tends to be highly variable due
to the large dataset and effects of averaging. A few exceptions to this emerge, however, notably
the rigidity of His and Trp in B-strands or Ile in a-helices. These data suggest that the insertion
of, for example, His into a B-strand or Ile into an a-helix would cause it to be more rigid.
Additionally, it is apparent that the flexibilities of hydrophilic and polar residues are slightly
higher on average than those of hydrophobic and nonpolar residues (Table 2), with a few
exceptions. This trend can be easily explained by the tendency of nonpolar residues to cluster
tightly with other nonpolar residues as opposed to polar and hydrophilic residues, which often
interact with solvent. The correlation (Rs = 0.65, excluding Pro) between hydrophobicity and
flexibility additionally supports this explanation. The appearance of cystine (Cys) as the least
flexible amino acid is not surprising because we separated reduced cysteine (Cyh) and oxidized
cystine.

The dot products of the C, atoms with the principal axes of their secondary structure
measure the angle that the motion of the atom makes with the secondary structure element. Both
the principal axis of a secondary structure unit and the flexibility vector for any given C, atom
are unit vectors; thus the dot product will always range from 0 (perpendicular vectors) to 1
(parallel vectors). The distributions of these dot products are noisy due to the relative rigidity of
secondary structure combined with the previous observation that rigid atoms have less ordered
distributions about a mean than highly flexible atoms, which tend to flex more strongly along a
single axis. Nonetheless, slight trends are apparent. In both a-helices and B-strands, there is a
slight tendency for the flexibility vectors of a secondary structure unit’s C, atoms to be
perpendicular to its primary axis and for its second principal component to be parallel to the

flexibility vectors. In the case of a-helices, this trend indicates that the flexibility vectors point

11
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most strongly outward/inward, away from and toward the center of the helix. In the case of f3-
strands, this trend indicates that flexibility vectors point least strongly along the backbone of the
strand and more strongly in the direction of the bends of the backbone (the direction of the
second principal axis) than from side-to-side. The trend is more pronounced in a-helices than 3-
strands, which can be predicted by the higher flexibility of a-helices as well as the tendency of
B-strands to curve and bend (thereby preventing the principal axis from being as consistent).
Additionally, in the case of a-helices, the trend is slightly more pronounced at the ends of helices
than for the middle residues, showing that the ends of helices flex more readily outward from the
central axis.

Trends in Fold Family Flexibility

The examination of the flexibilities of fold families begs the question of whether there are
fundamental rules that tie sequence and local structure to flexibility. The average flexibilities of
secondary structure within a fold family differ from the overall averages, suggesting that some
trends between the flexibilities of members of various fold families exist. The secondary
structure of the 3HB and SH3 fold families consist only of a-helices and only of B-sheets,
respectively. In both 3HB and SH3, the flexibilities of their secondary structures are lower than
expected from the overall averages. The lack of trends in the flexibility vectors in the SH3 fold
family, which is rich in B-strands, agrees with the previous observation that 3-strands are highly
inflexible and therefore tend to have less directed fluctuations. These data, along with the
observations concerning the trends in the directions of the flexibility vectors in the 3HB and
UBX families and the high correlations between fold family members, suggest that there are
motifs in the specific flexibilities of fold families, though these trends may be subtle.

Additionally, the correlation between a protein’s sequence identity and the closeness of its

12
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flexibility to other family members suggests that sequence modulates the flexibility. For
example, 1el7, whose helical flexibility vectors varied from the other members of the 3HB
family, has helical sequences that are quite different from the other family members; features
such as the lack of Lys and presence of Ile, a highly inflexible residue in a-helices, explain some
of these differences.

Additionally, the high correlations of the magnitude of the flexibility between equivalent
structural regions of family members suggest that families have characteristic flexibility patterns.
Notably, comparison of arbitrary a-helices to each other and arbitrary B-strands to each other
produces very low correlations (mean correlation <0.2), so the relationship observed here is not
dependent only on the makeup of secondary structure in each family. Not every member of a
fold family adheres strictly to these flexibility patterns, however, as shown by the small number
of pairs of proteins with low flexibility correlations. This is not surprising considering the
structure and sequence diversity of the fold families examined and demonstrates that the local
chemical environment of a residue and not just its local backbone configuration and chain
topology determine its flexibility. Nonetheless, the high correlation between most pairs of fold
family members indicates that the similarity between two proteins’ flexibilities correlates with
the similarity of their structures and sequences. Future work will extend this observation to
examine in detail how the local chemical environment of a residue influences its flexibility.
Native-State Flexibility and Early Unfolding Events
The comparison to unfolding simulations shows a relationship between the flexibility of a
residue at 298 K and the early steps in the thermal unfolding pathway in the proteins examined
here. There is a nearly step-by-step correlation between high flexibility and the order of

unfolding. These data suggest that native-state dynamics are closely related to unfolding and

13
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folding dynamics, in agreement with our findings in the first simulations of protein unfolding
(Daggett and Levitt 1992). Later, Hespenheide et al. (Hespenheide et al. 2002) explored the
relationship between flexibility and unfolding pathways in simulations of 10 monomeric proteins
and compared the results to hydrogen-deuterium exchange experiments (Li and Woodward
1999). They found that the folding cores of proteins with the greatest structural stability against
denaturation could be determined by flexibility. Here we extend this work to the level of
hundreds of proteins, further tying flexibility to instability by showing that flexible C, sites are
the most likely candidates for early unfolding.

Inflexible Loops

The sheer number of inflexible loops (21 with flexibility < 0.5 A and 353 with flexibility < 1.0
A) is surprising and suggests that there may be a number of structured loops that are not
recognized as secondary structure; although they are as rigid as conventional secondary
structure. Because the inflexible secondary structure units that form a protein’s backbone and
core generally determine its structure, it is useful to consider the possibility of additional rigid
structural units that may be important in the determination of structure. This hypothesis was
examined before by Leszczynski and Rose in their study of Q-loops (1986). While many of the
loops examined here have occasional Q character, partially due to the broad definition of Q-
loops, many of them do not share the motif of being tightly packed internally. The three cases
examined here are each interesting for different reasons. The second loop in 1whi (Ribosomal
Protein L14 family) contains a pair of hydrogen bonds between the side chains of Asp 12 and Ser
14. Notably, this loop is highly conserved among species and is responsible for mediating
interactions between the neighboring loops in the B-barrel of this protein (Davies et al. 1996).

The loop in 1elq (o/f subunits of F1 ATPase family) sits at the interface between a and 3

14
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subunits of ATPase (Abrahams et al. 1994) and contains a pair of hydrophobic residues (Leu 44
and Val 47) in close proximity, forming a small hydrophobic cluster. Such interactions indicate
that sequence is an important predictor of flexibility. The loop in 1ops (Antifreeze Protein III-
like family) does not contain hydrogen bonds or sites for potential hydrophobic interactions;
though it is highly hydrophobic. The C-terminal end of the protein runs through it, however,
which may lock it down. This loop provides rigid support for the ice-binding surface of this
antifreeze protein (Yang et al. 1998).

Each of the 21 least flexible regions fit into one of five categories: (1) those that are
sterically hindered, (2) those with internal hydrophobic contacts, (3) those with internal polar
contacts, (4) those with partial secondary structure character, and (5) those with external
contacts. Internal hydrophobic contacts between side chains appear to play a stabilizing role in
many of these and such contacts represent the most commonly appearing motif. These loops
specifically coincide with the Q-loop motif. The regions with hydrophobic internal contacts
often had backbones with characteristic and very high curvature such that close contacts could be
made between side chains at the center. The distribution of amino acids in all of the inflexible
loop regions, as well as in only the 21 least flexible regions, contained no significant deviations
from the distribution of amino acids in all proteins; however, the distribution of amino acids in
those regions with internal hydrophobic contacts was heavily skewed toward Leu and Pro and
moderately skewed toward Val and Ile; Gly and Thr are the only other amino acids with a high
frequency in this set. Pro appears near the point of highest curvature in several of these regions
and may be important for forming this motif by introducing a kink in the segment. Future

analysis will explore the extent to which these observations are examples of structural motifs that
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imply a predictable quality to flexibility based on sequence and structure and whether these

potential motifs can further be tied to structural stability.

Conclusions

Protein flexibility is a useful means of extracting information from individual protein trajectories
as well as related sets of trajectories. Protein flexibility bears a strong relationship to unfolding
and can be used to predict early steps in unfolding. The ability of flexibility to elucidate regions
of interesting structure has been demonstrated by the identification of inflexible loops that
constitute new structural motifs. Finally, the correlation of flexibility with structure and the
inherent flexibility differences between fold families are potentially very useful for
understanding how different arrangements of structure can lead to different dynamics and

function.

Methods

Simulations were performed with explicit water using our in-house developed simulation
package in lucem molecular mechanics (Beck et al. 2000-2008; Beck and Daggett 2004) and our
previously described protein and water force fields (Levitt et al. 1995; Levitt et al. 1997).
Simulation details can be found elsewhere (Beck et al. 2008). For each simulation, atomic
coordinates from all but the first ns of our trajectories were downloaded from our in-house
developed data warehouse (Simms et al. 2008) into Mathematica (Wolfram Research 2005) for
analysis. The first ns was omitted to allow for equilibration. For each ps of the simulation, the
protein structure was aligned to the initial structure using a rigid least squares fitting of C,, atoms

with the structure’s center of mass held at the origin (Kearsley 1989). The coordinates of each

16


http://www.proteinscience.org
http://www.cshlpress.com

Downloaded from www.proteinscience.org on October 29, 2008 - Published by Cold Spring Harbor Laboratory Press

non-hydrogen atom were centered by subtracting the atom’s mean position. Principal component
analysis (PCA) was performed on these centered coordinates via singular value decomposition of
their correlation matrix. This procedure yields, for each atom, three principal component vectors,
Ui, Uz, and U3, each of which encapsulates a variance Si, Sy, and Ss, respectively, the sum of which
is the total variance of the atom’s trajectory. These values were placed back into our database for
further analysis. The first principal component, U;, which encapsulates the largest portion of the

variance in the trajectory, was taken as the primary axis of flexibility while the standard
deviation of the trajectory along that axis, b=4/S,, was taken as the primary measure of the

flexibility in Angstroms (A). The flexibility vector for a given atom was thus taken to be buy, the
vector in the direction of the first principal component whose length is the standard deviation of
the movement along that axis. The total number of proteins/simulations analyzed was 253 (5.56
ps total) and the total number of atoms analyzed was 505,702 in 32,306 residues. These 253
targets include the 188 targets described in Table S1 of Beck et al. (Beck et al. 2008) as well as
the 65 targets listed in Table 6 here.

Once this flexibility information was collected and placed in the data warehouse, various
statistical analyses and visual inspections of the trajectories were performed. Flexibility was
visualized in two ways. The first involved plotting the flexibility vector (bu;) for each atom onto
the mean structure of the simulation; the vectors were also plotted in reverse because the
principal component represents a trend along an axis with the atom at the origin. The second
method involved coloring the reference structure based on its calculated flexibility (b) along the
sequence.

Analysis of Secondary Structure
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Each secondary structure element was separated and categorized for analysis. Atoms were
considered part of a secondary structure element if they existed in that element for at least 75%
of the simulation according to the DSSP algorithm (Kabsch and Sander 1983). Turns were
determined according to the criteria outlined by Kuntz (Kuntz 1972) and labeled as such if the
residue was not previously part of another secondary structure element and was in a turn
conformation for at least 75% of the simulation. In the case of a-helices and B-sheets, the
directions of the flexibility vectors were compared to the principal components of the C, atoms
of their respective secondary structure units (i.e. the consecutive C, atoms belonging to a -
strand or a-helix).

Comparison of Fold Family Flexibility

Three fold families were examined to compare the flexibilities of family members: engrailed
homeodomain three-helix bundles (3HB), Src homology 3 (SH3) domains, and ubiquitin-like
folds (UBX). Twelve proteins from each family were analyzed, details of which can be found in
Table 3. Correlations of flexibility were calculated for each pair of proteins in a single family
using equivalent residue ranges based on the DaliLite server’s alignment of the mean structures
(Holm and Park 2000).

Comparison of Native-State Flexibility to Early Unfolding Events

Unfolding trajectories were simulated at 498 K for at least 31 ns (Day and Daggett 2005). Three
proteins were chosen (lenh, 1shg, and 1ubq), one from each fold family, each of whose native-
state flexibility vectors were compared to their unfolding pathways.
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Table 1: Flexibilities for various atom groups over all simulations analyzed.

Atom Group Mean (A)

All Atoms ® 1.257 +0.94
Caq 1.009 £ 0.76
C, 1250 + 0.84
Backbone Atoms * 1.013+£0.75
Side Chain Atoms ® 1.332+£0.97

* Hydrogen atoms were not included.
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Table 2: Flexibility of C, atoms by secondary structure and residue.

p-strand, p-strand,
parallel anti-parallel | a-helix loop/none turn Overall Avg.

GLY 0.56+0.24 ] 0.65+0.32 0.84 +£0.40 1.35+0.90 1.20+0.62 1.22+0.77
ALA 0.52+0.19 ] 0.61+0.29 0.86+0.53 1.30+0.99 1.31+0.82 1.04+0.71
VAL 0.51+0.21 0.59+0.33 0.79+0.43 1.11+0.86 1.15£0.64 | 0.86+0.58
LEU 048+0.22 ] 0.60+0.33 0.81+0.59 1.01 +£0.65 1.00£0.49 | 0.86+0.56
ILE 0.51+0.24 ] 0.61+0.28 0.72+0.34 1.06 £0.80 1.07+£0.63 | 0.82+0.50
SER 0.59+0.34 | 0.67+0.37 0.86 +0.48 1.37+1.02 1.32+0.78 1.18 +£0.82
THR 0.49+0.20 | 0.68+0.35 0.86 +0.52 1.18+0.85 1.18 £0.57 1.02 +0.67
CYS 0.53+£0.18 ] 0.59+0.25 0.50+£0.22 ]088+042 |[0.93+0.30 |0.77+£0.35
MET 0.50+0.14 ] 0.62+0.28 0.90+0.80 1.34+1.25 1.28 +£0.75 1.08 £0.94
PRO 0.61£0.29 | 0.64+0.23 0.91+0.40 1.24+0.92 1.10+0.53 1.16 £0.80
ASP 0.59+£0.27 ] 0.65+0.30 0.90 +0.47 1.19+0.83 1.40+0.92 1.11+0.73
ASN 0.53+£0.19 ] 0.63+0.23 0.86 +0.49 1.20+0.79 1.23+0.62 1.09 +£0.67
GLU 0.53+0.21 0.64 +0.39 0.86 +0.52 1.27+1.04 1.18 £0.70 1.04+0.75
GLN 0.62+0.28 | 0.68+0.35 0.92+0.52 1.22+0.92 1.25+0.71 1.05+0.69
HIS 0.46+0.11 0.72+0.47 091+0.71 1.27+1.05 1.28 +0.77 1.10+0.87
LYS 0.52+0.20 | 0.67+0.38 0.84+0.45 1.19+0.87 1.17+0.78 1.01 +£0.66
ARG 0.58+0.23 ] 0.60+0.36 0.81+0.46 1.18+£0.84 1.13£0.58 | 0.96+0.61
PHE 0.57+0.32 ] 0.60+0.27 0.79 £ 0.46 1.11+0.86 1.05+£0.66 | 0.88+0.59
TRP 047+0.14 ] 0.61+0.28 0.78 £0.42 1.13+0.75 1.23+£0.88 ]0.92+0.56
TYR 0.62+0.25 ] 0.60+0.33 0.83+0.50 1.11+£085 |097+0.54 |091+0.62
CYH 0.68+0.24 ] 0.75+0.52 0.79 +£0.39 1.04+0.57 |0.86+0.50 | 0.88+0.48
Overall

Avg. 0.53+£0.23 ] 0.63+0.33 0.84+0.50 | 1.21+0.88 1.19+0.67 1.01 +£0.67
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Table 3: Proteins that were analyzed and compared by fold family.

Fold Family PDB Code Desription

3HB lel7 DNA Binding Domain of the Forkhead Transcription Factor AXF

3HB 1143 MATA1 Homeodomain

3HB 1kkx DNA Binding Domain of ADR6

3HB Iryu SWI1 ARID

3HB lenh Engrailed Homeodomain

3HB 1bw6 Human Centromere Protein B (Cenp-b) DNA Binding Domain
RP1

3HB 1ba5 DNA Binding Domain of Human Telomeric Protein, HTRF1

3HB 1du6 Truncated PBX Homeodomain

3HB lapl Mat 02 Homeodomain

3HB Iret DNA Binding Domain of yd Resolvase

3HB 1bw5 Homeodomain of Rat Insulin Gene Enhancer Protein ISL-1

3HB lug?2 Mouse 2610100b20rik Hypothetical Gene Product

SH3 lgep Sulfite Reductase Hemoprotein

SH3 1gl5 SH3 Domain from TEC Protein Tyrosine Kinase

SH3 Ishf SH3 Domain in Human FYN

SH3 Ishg SH3 Domain of Alpha Spectrin

SH3 lihv DNA Binding Domain of HIV-1 Integrase

SH3 Iqly SH3 Domain from Bruton’s Tyrosine Kinase

SH3 2a36 N-terminal SH3 Domain of DRK

SH3 lujy SH3 Domain in RAC/CDC42 Guanine Nucleotide Exchange
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Factor 6

SH3 lugv SH3 Domain of Human Olygophrein-1-like Protein

SH3 Icka N-Terminal SH3 Domain of C-crk

SH3 2hsp SH3 Domain of Phospholipase Cy

SH3 Ispk RSGI RUH-010

UBX 1h8c Ubiquitin-like domain from FAF1

UBX 1142 Ubiquitin-like domain from P47

UBX kot Human GABA Receptor Associated Protein GABARAP

UBX lubq Ubiquitin

UBX laSr Sumo-1

UBX lef5 Ras-Binding Domain of RGL

UBX Lrlf Ras-Binding Domain of RLF

UBX liyf Ubiquitin-like Domain of Human Parkin

UBX 1j8¢c Ubiquitin-like Domain of HPLIC-2

UBX Iv5t Ubiquitin-like Domain of Mouse Hypothetical 8430435i17rik
Protein

UBX 1gb4 Hypothetical Variant of the Bl Domain from Streptococcal Protein
G

UBX Issn Sakstar Variant of Staphylocinase
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Table 4: Flexibility correlation between various fold family members.

Fold Protein1 Protein 2 Equivalent Residue Ranges ° Sequence Correlation
Identity
3HB 1lenh lel7 3-23 <> 93-113; 30-39 < 119-128; 7% 0.70

41-53 & 146-158
3HB lenh 1f43 3-6 <> 1-4;7-55 & 7-55 4% 0.70
3HB lenh 1kkx 7-9 & 34-36; 12-25 < 37-50;26-40 9% 0.38
& 55-69; 41-51 <& 71-81; 52-55 <&
83-86
3HB lenh 1ryu 3-7 & 1-5; 12-21 < 51-60; 22-25 18% 0.92
& 63-66; 26-39 < 69-82; 41-56 <&
93-108
3HB 1lel7 1143 96-100 <> 12-16; 101-110 <> 18-27; 4% 0.77
117-130 < 28-41; 134-137 < 42-
45; 144-155 < 47-58
3HB 1lel7 1kkx 117-129 <= 11-23; 139-146 < 74- 5% 0.72
81; 147-154 < 83-90; 156-159 <
91-94; 177-181 < 99-103
3HB 1lel7 1ryu 101-113 < 50-62; 116-119 <> 63- 9% 0.74
66; 121-138 < 71-88; 144-157 <=
91-104; 158-161 <> 106-109; 177-

181 < 112-116

SH3 1shg 1gcp 12-20 & 598-606; 20-34 & 612-  19% 0.83
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SH3

SH3

SH3

SH3

SH3

SH3

SH3

SH3

SH3

SH3

1shg
1shg

1shg

1shg

1shg

1gcp

1gcp

1gcp

1gcp

1gcp

1gl5
1shf

lihv

1qly
2a36

1gl5

1shf

lihv

1qly

2a36

626; 39-45 < 634-640; 54-62 <
649-657

6-47 <& 180-221; 48-62 <> 223-237
6-46 <& 84-124; 47-62 < 127-142
9-10 <> 225-227; 13-14 < 230-231;
30-37 <> 238-245; 42-57 < 250-
265

6-46 & 1-41; 47-61 <= 43-58

7-37 <& 1-31; 38-61 <= 33-57
596-605 <= 183-195; 614-631 <
195-212; 634-642 <> 214-222; 645-
655 <& 224-234

599-600 < 88-89; 621-627 < 105-
111; 633-655 < 117-139

598-599 = 225-226; 603-604 <~
230-231; 624-631 <> 238-245; 636-
640 <= 246-250; 643-655 < 256-
268

602-603 <= 6-7; 608-609 < 12-13;
611-629 <= 13-31; 636-640 < 35-
39; 646-649 <= 43-46; 659-660 <=
56-57

596-606 = 2-12; 614-642 < 14-42;

25%

33%

18%

32%

24%

22%

28%

5%

24%

16%

0.78

0.96

0.84

0.95

0.93

0.70

0.82

0.45

0.73

0.96
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645-660 & 43-58

UBX 1ubq 1h8c 1-37 & 6-42; 39-45 & 43-49; 46-49  14% 0.77
& 52-55; 52-75 < 59-82

UBX 1lubq 1i42 1-6 <> 295-300; 9-15 < 305-311; 13% 0.68
17-25 < 312-320; 27-35 < 321-
329; 40-46 <> 336-342; 47-53 <
347-353; 55-70 <> 354-369

UBX 1ubq 1kot 1-7 < 31-37; 11-38 <> 48-75; 40-59 6% 0.61
< 77-96; 60-63 <> 100-103; 64-72
<~ 106-114

UBX 1kot 1i42 1-4 <& 282-285; 27-37 <> 291-301;  10% 0.72
43-55 <> 303-315; 57-72 < 316-
331; 76-80 <> 333-337; 81-84 <
340-343; 88-91 < 350-353; 105-
110 <> 361-366

UBX  1kot 1h8c 29-38 > 5-14; 45-73 < 14-42;76- 5% 0.44
83 <> 43-50; 84-88 <> 53-57; 89-97

< 61-69; 106-117 < 71-82

* Structural alignments based on the mean backbone structure with DaliLite were used to find

equivalent residue ranges
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Table 5: Inflexible loop regions of proteins.

PDB Residue Range <Ca Flexibility> Proposed Explanation

1tkb 64-70 0.33 The loop is sterically hindered by a more
superficial loop.
1gpr 14-20 0.37 Region is internal to the protein and not

exposed to solvent.

lelq 44-50 0.37 Hydrophobic contact between V47 and L44
lops 34-43 0.41 Region fluctuates between 3/10 and a-helix.
1gpr 151-157 0.42 R152 and E153 side-chains form polar and H-

bond network with nearby B-strands.

1whi 11-17 0.42 D12 and S14 form an internal H-bond.

1lvmo 26-32 0.42 Y30 forms external polar contact K134; region
is hindered by tight curvature.

1961 12-19 0.43 Region contains internal tightly-packed
hydrophobic contacts.

lops 17-22 0.44 Region contains internal tightly-packed
hydrophobic contacts.

lops 50-59 0.45 Region has occasional -strand character is
contains H-bonds to nearby loop and B-strand.

lops 26-32 0.45 Loop contains tightly-packed hydrophobic side-
chains and is hindered by N-terminus, which
runs through it.

1ris 81-86 0.45 R82 forms internal salt-bridge with N84 and

29


http://www.proteinscience.org
http://www.cshlpress.com

3fib

2hnp

1chu

1fgn

1dyw

1whi

lelq

lubqg

1ge8

Downloaded from www.proteinscience.org on October 29, 2008 - Published by Cold Spring Harbor Laboratory Press

215-229

257-263

271-277

29-38

131-136

88-103

64-70

16-22

54-64

0.46

0.47

0.47

0.47

0.48

0.49

0.49

0.49

0.5

external salt-bridge with E22.

Loop is structurally fixed by several internal
hydrophobic contacts and held in place by
contacts with nearby B-strands.

Hydrophobic center of loop sits in a
hydrophobic pocket where it is stabilized by
nearby a-helices.

D273 forms polar contact with T274.

Region has occasional -strand character and
makes H-bonds with nearby [-strands.

Loop contacts and is sterically hindered by
superficial loop.

Region containes several internal hydrophobic
contacts and external polar contacts.

Region contains internal hydrophobic contacts
and polar contact between E67 and N65.
Loop’s hydrophobic interior is surrounded by
polar side-chains.

K60-V64 form occasional B-sheet; P54-S59

have tightly-packed hydrophobic core.
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Table 6: 65 protein targets analyzed in addition to the 188 targets in Table S1 of Beck et al.

(2008).

PDB Code Description

lalx HMTCP-1 Chain A

la3a ITA Mannitol From E. coli

lbgw Topoisomerase Residues 410-1202

1bmO Human Serum Albumin

leds Glucosamine-6-Phosphate Deaminase From E. coli, T Conformer
lcfe NMR Structure Of P14A

leciy Insecticidal Toxin

lerz E. coli TOLB Protein

1d0b Internalin B Leucine Rich Repeat Domain

1dd5 Thermotoga Maritima Ribosome Recycling Factor, RRF

1dhn 7,8-Dihydroneopterin Aldolase from Staphylococcus aureus

1dx7 Light-Harvesting Complex 1 Beta Subunit From Rhodobacter sphaeroides
1dxk Metallo-Beta-Lactamase from Bacillus cereus 569/H/9 C168S Mutant
ldzo Truncated PAK Pilin from Pseudomonas aeruginosa

DNA Binding Domain of the Human Forkhead Transcription Factor AFX

lel7 (FOXO04)

lefl Moesin Ferm Domain/Tail Domain Complex
lepu Neuronal SEC1 from Squid

leyl E. coli NUSB

1143 MATA1 Homeodomain
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1f7t

1thq
lfna
1fuo
lfva
1fx2
1fyv
1g03
1g61
lgc7
lgep
lgef
1gl5

lgso
1h8c

1h8h

1hf8
lhic
lhpl
1142
ligp

lihc

Holo-(Acyl Carrier Protein) Synthase

FHA2 Domain of RADS53

Tenth Type III Cell Adhesion Module of Human Fibronectin
Fumarase C with Bound Citrate

Bovine Methionine Sulfoxide Reductase

Adenylate Cyclases from Trypanosoma brucei

TIR Domain of Human TLR1

N-Terminal Domain of HTLV-I CA1-134

M. jannaschii EIF6

Radixin Ferm Domain

VAV SH3 Domain

Archaeal Holliday Junction Resolvase HIC

SH3 Domain from the TEC Protein Tyrosine Kinase
Glycinamide Ribonucleotide Synthetase (GAR-SYN) from E. coli
UBX Domain from Human FAF1

Bovine Mitochondrial F1-ATPase

N-Terminal Domain of Clathrin Assembly Lymphoid Myeloid Leukaemia
Protein

Hirudin (1-51)

Horse Pancreatic Lipase

UBX Domain from P47

Recombinant Inorganic Pyrophosphatase from E. coli

Gephyrin N-terminal Domain
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lihv
lijy
lile
ljaw
1kkx
lkot
lkra
Immo
lgau
Iqcv
1qk9
Iqly
Iryu
Isgk
Iswb
ltnr
1tx4
Iwhi
2a36
2dik

2lis

3fib

DNA Binding Domain of HIV-1 Integrase
Cysteine-Rich Domain of Mouse Frizzled 8 (MFZS)
Isoleucyl-TRNA Synthetase

Aminopeptidase P from E. coli Low pH Form
DNA-binding domain of ADR6

Human GABA Receptor Associated Protein GABARAP
Klebsiella Aerogenes Urease

Monooxygenase Oxidoreductase

Oxidoreductase

Rubredoxin Variant (PFRD-XC4) Folds Without Iron
Domain from MECP2 That Binds to Methylated DNA
SH3 Domain from Bruton’s Tyrosine Kinase

SWI1 ARID DNA-Binding Protein

Nucleotide-Free Diphtheria Toxin
Apo-Core-Streptavidin

Soluble Human 55 kD TNF Receptor-Human TNF-Beta Complex
RHO/RHOGAP/GDP(DOT)ALF4 Complex

Ribosomal Protein L14

N-terminal SH3 domain of DRK

R337A Mutant of Pyruvate Phosphate Dikinase

Red Abalone Lysin Monomer

Recombinant Human Gamma-Fibrinogen Carboxyl Terminal Fragment

(Residues 143-411)
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3gbl B1 Domain of Streptococcal Protein G

7hsc

Heat Shock Cognate-70 kD Substrate Binding Domain
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Figure Legends

Figure 1. General properties of protein flexibility. a. Histogram of proteins by average

flexibility (square root of the variance represented by the first principal component of
an atom’s trajectory). b. Histogram of the portion of the variance covered by the first

principal component of each atom’s trajectory. High coverage means that most of the
movement of that atom is encapsulated by its flexibility. c. A histogram of the

flexibilities of all atoms analyzed.

Figure 2. Histograms of the absolute values of the dot products of the principal axes of

secondary structure elements with the end or middle residues of each. A dot
product of 1 indicates parallel vectors while a dot product of 0 indicates perpendicular
vectors. The y-axis of each graph is the number of proteins while the x-axis is the dot

product.

Figure 3. Protein backbones with flexibility vectors shown as vectors with lengths equal to

Figure 4.

the C, flexibility in Angstroms. a. An a-helix of 1f43 with flexibility vectors
perpendicular to the principal axis of the helix. b. First a-helix of 1e17 with
flexibilities parallel to the principal axis of the helix. ¢. Second a-helix of 1e17 with
flexibilities parallel to the principal axis of the helix. Backbones are colored black-to-
white by flexibility with darker regions being the least flexible.

Flexibility representation, unfolding snapshots, and significant unfolding events
of three proteins. All proteins are colored blue-green-red by flexibility magnitudes.
Flexibility vectors are shown in red. Vectors are displayed at twice their length for

clarity. a. Engrailed Homeodomain (1lenh); the transition state is at 362 ps. b. a-
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Spectrin (1shg); the transition state is at 110 ps. c. Ubiquitin (1ubq); the transition
state is at 611 ps.

Figure 5. Three proteins with inflexible regions with each inflexible region colored in
black. In each row, the right column contains the protein with the surface of the
inflexible region shown colored black-to-white by C, flexibility with darker regions
being the least flexible. a. The Ribosomal Protein L14. The inflexible loop begins
with residue 11 on the left and loops around to residue 17 on the right. Side chains for
S12 and D14 are shown and colored by atom. Hydrogen bonds are shown by dotted
lines. b. Bovine Mitichondrial F1-ATPase. Side chains for residues L44 and V47 are

displayed. c. Ocean Pout Antifreeze III Protein Ice-Binding Surface.
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a. Engrailed Homeodomain

I3 paY >1.3 A

C \;‘\ 1.16 A

*\ (‘(@ é 0.97 A

(JQ (L o.79§
0.60

= ) 0.42 A

600 ps 1600 ps 023 A

Time (ns) Event Segment Residues <C, Flexibility> (A)

0.1 Movement of N-terminus, N R3 -89 1.48
Undocking of H3 L2 G39 — N41 0.5
0.3-3.5  Unwinding of H3C H3C Q50 - 156 0.65
0.7-24  Pivoting of H1 and H2 Y25 Y25 0.63
E 1.6-3.2  Unwinding of H3 N-terminalend H3 E42 - 156 0.59
o L2 G39 - N41 0.5
- 3.8-45  Unwinding of H1 N-terminalend H1N $10-Q12 0.46
N 4.1-5.1  Unwinding of H3 middle H3 E42 - 156 0.59
b. a-Spectrin
N C
S2 >1.0A
HWS 7 H 0.88 A
ﬁ o 0.75 A
DL 84 0.63 A
( 10.50 A
RT
) 0.38 A
Native State 110 ps 400 ps 600 ps 0.26 A
Time (ns) Event Segment Residues  <C, Flexibility> (A)
0-0.3 Extension of C Cc V53 — D57 0.90
Undocking of RT RT Y8 — M20 0.52
H P49 - Y52 0.60
0.1-0.2 Alignment change of NT N30 - W36 0.60
S2 and S3
0.3-1.0 Pivoting of S4 DL V41 - R44 0.57
Separation of S3 and S4
0.5-0.8 Twisting of RT RT Y8 —M20 0.52
Pivoting of S1
0.8-1.0 Distortion of S1 S$1 K1-L7 0.35
2.00 A
1.72 A
143 A
1.15 A
0.87 A
0.59 A
611 ps 800 ps
0.31A

Time (ns) Event

Segment Residues

<C, Flexibility> (A)

0-0.6 Separation of S2 from S1, L1 L8 -T9 1.27

Separation of H from L4 L3 135 - D39 0.95
0.3-0.6  Expansion of L4 L4 A46 — S65 0.78
0.5-0.7  Separation of S3 and S4 L4 A46 — S65 0.78
0.6-0.7  Separation of S4 and S1 L4 A46 - S65 0.78
0.8-1.2  Formation of a-helix at S4  S4 T66 —L71 0.47

C-Terminal End Cc R72 - G76 229
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