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Abstract

The unfolding of a protein can be described as a transition from a predominantly rigid, folded structure to an ensemble of denatured states.
During unfolding, the hydrogen bonds and salt bridges break, destabilizing the sccondary and tertiary structure. Qur previous work shows
that the network of covalent bonds, salt bridges, hydrogen bonds, and hydrophobic intcractions forms constraints that define which Tegions
of the native protein are flexible or rigid (structurally stable). Here, we test the hypothesis that information about the folding pathway is
encoded in the cnergetic hierarchy of non-covalent interactions in the native-state structure. The incremental thermal denaturation of protcin
structures is simulated by diluting the network of salt bridges and hydrogen bonds, breaking them one by onc, from weakest to strongest.
The structurally stable and flexible regions are identified at each step, providing information about the evolution of flexible regions during
denaturation. The folding core, or center of structure formation during folding, is predicted as the region formed by two or more secondary
structures having the greatest stability against denaturation. For 10 proteins with different architectures, we show that the predicted folding
cores from this flexibility/stability analysis arc in good agreement with those identificd by native-state hydrogen—deuterium exchange
experiments,
© 2002 Elsevier Science Inc, All rights reserved.
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1. Introduction

Understanding protein folding pathways has been the
subject of many recent theoretical and experimental studies
[1-8]. These studies often focus on processes that occur early
in folding, and models such as nucleation-condensation
{9-11] and diffusion—-collision [12] have been used to de-
scribe the initial step(s). Whether folding is initiated by
nucleation of tertiary interactions or diffusion-controlled
coalescence of already folded secondary structures is being
debated, and a single model may not hold for all pro-
teins. However, a unifying theme is that the initial steps
in the folding process involve the interaction of non-local
regions in the protein sequence forming a substructure that

Abbreviations: H-D exchange, hydrogen-deuterium exchange NMR;
Cl12, chymotrypsin inhibitor 2; BPTL, bovine pancreatic trypsin inhibitor;
PDB, protein data bank; 3D, three-dimensional; 1D, one-dimensional
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is substantially preserved in the fully folded protein. Several
theoretical techniques have been designed to identify early
folding substructures [13-15]. These techniques are unique
in that the analysis is performed solely on the native-state
conformation, instead of following the folding reaction
from a denatured state to the native state. The advantage
of analyzing the native state is that this conformation is
largely ordered, whereas the denatured state is typically an
ensemble of dissimilar, unfolded conformations.

An experimental technique that gives detailed structural
information about unfolding is hydrogen—deuterium ex-
change NMR (H-D exchange). Under native conditions,
rotation about main-chain & and ¥ dihedral angles leads
to fluctuations in which a protein can explore its local con-
formational space. H-D exchange occurs when the amide
and carbonyl groups involved in a hydrogen bond sepa-
rate enough for deuterated water to intervene, allowing the
shared proton to be replaced by a deuteron, or when a buried
proton becomes solvent-accessible [16]. Because deuterium
does not produce a signal in proton NMR experiments, it is

1093-3263/02/8 — see front matter © 2002 Elsevier Science Inc. All rights reserved.

PII. 51093-3263(02)00146-8




196 B.M. Hespenheide et al /Journal of Molecular Graphics und Modelling 21 (2002) 195.-207

possible to identify which amide protons undergo hydrogen
exchange by comparing the NMR spectra before and after
the exchange. By allowing the experiment to run for dif-
ferent time steps, individual exchange rate constants can be
assigned to each of the main-chain amide protons identified
in the spectra. Woodward has proposed that amide protons
that exchange only after long periods of exposure to deuter-
ated water define the slow-exchange corc of a protein [17].
Li and Woodward compiled the results from a number of
studies on native-state H-D exchange for different proteins,
tabulating the residues forming the slow-exchange core in
each protein [18]. They have proposed that the secondary
structures to which these residues belong define the fold-
ing core for the protein. Additionally, they have shown for
barnase and chymotrypsin inhibitor 2 (CI2) that the fold-
ing core identified by H-D exchange consists of residues
with high @-values [19], indicating that slow-exchange
core residucs have significant structure in the folding
transition state,

For H-D exchange to occur in main-chain amides in-
volved in hydrogen bonds, flexibility in the protein structure
is required to allow access to deuterated water. Given that
residues in the folding core have small exchange rates, it
1s reasonable to assume that the folding core protons either
are not accessible to solvent or are in regions that are suf-
ficiently rigid that the hydrogen bond donor and acceptor
cannot move apart enough to allow H-D exchange. This
can be probed by observing how the flexibility of a protein
structure changes as it is gradually denatured.

Our hypothesis is that the folding core is stabilized by
a network of particularly dense or strong non-covalent in-
teractions, which tend to resist unfolding or denaturation.
Following this hypothesis, we present a novel computational
method for predicting the folding core of a protein. This ap-
proach employs the floppy inclusions and rigid substructure
topography (FIRST) software, which accurately predicts
flexible regions in proteins by analyzing the constraints on
flexibility formed by the covalent and non-covalent bond
network [20-22]. Covalent bonds, salt bridges, hydrogen
bonds, and hydrophobic interactions are included in the
protein representation. Because thermal denaturation or un-
folding involves the breaking of hydrogen bonds and salt
bridges, we compare several methods for simulating ther-
mal denaturation, and observe how the removal of these
bonds affects the stability and flexibility of the protein. As
hydrogen bonds are removed, the protein structure becomes
increasingly flexible, and the stable regions decrease in
size. The folding core can then be predicted as the most sta-
ble region involving at least two secondary structures. The
thermal denaturation model in which hydrogen bonds and
salt bridges are removed from weakest to strongest predicts
folding cores that correlate best with the experimentally ob-
served folding cores. The ability to predict an early state in
folding indicates that information about the folding pathway
is encoded in the covalent and non-covalent bond network
of the native state.

Table 1

Proteins used in this study

Protein name PDB Size Structure (r) Number
code (residue)  classification  core  of HyO

BPTI Ibpi 58 Few 2.38 4

Ubiquitin lubi 76 a—f3 2.40 1

CI2 2¢i2 83 a-f 241 0

Ribonuclease T1  1bud 104 w-f 2.39 0

Cytochrome ¢ thre 104 o 239 4

Barnase laZzp 110 a3 2.39 5

w-Lactalbumin Ihml 123 «@ 2.38 4

Apo-myoglobin labm 151 « 237 11

Interlevkin-18 lilb 153 B 2.39 9

T4 lysozyme 3lzm 164 [+1 2.38 7

The PDB code and number of residues are listed for each protein. The
fourth column gives the structure classification for each protein as defined
by CATH [43]. The mean coordination, (r), of the protein, defined as
the average number of covalent and non-covalent bonds per atom in the
structure, is listed for each protein at the point in thetmal denaturation
when the largest structurally stable region is the folding core itself (see
Fig. 3). Number of H;0 indicates the number of buried water molecules
included in analysis of each protein.

2. Methods
2.1. Preparation of protein structures for analysis

Crystallographic structures for 10 monomeric proteins
(Table 1) were selected from the protein data bank (PDB)
[23] for analysis. These proteins were chosen based on
their diversity of structure and the availability of native-state
H-D exchange data for comparison [18]. A 3D structure
was not available for apo-myoglobin (which lacks heme),
though qualitative data shows its fold is very similar to that
of holo-myoglobin (with heme), except for dynamic fluc-
tuations of the F helix [24]. As an approximation to the
apo-myoglobin structure, we analyzed the holo structure
upon removal of its heme group. For this structure, FIRST
analysis also found the F helix to be one of the two most
flexible helices in the protein (data not shown)., The experi-
mental results of H-D exchange used for comparison in this
study are for apo-myoglobin.

Given the absence of hydrogen atom positions in most
X-ray crystal structures, positions for polar hydrogen atoms
(including those in bound water molecules) that opti-
mize hydrogen bonding were assigned using the software
WHATIF [25]. Only buricd water molecules, identificd
using the PRO_ACT software [26], were included in the
subsequent analysis. Each potential hydrogen bond was
identified using the following modification of the Mayo po-
tential [27], which evaluates the favorability of the observed
hydrogen-bond length relative to the optimal, equilibrium
length for that pair of atoms based on their chemistry, as
well as the favorability of the angles between the donor and
acceptor groups. Our modification strengthens the angular
dependence to avoid the inclusion of non-physical H-bonds
with angles near 90° (e.g. between C=0(i) and NH(i + 3),
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rather than the important C=O({)}-NH(i + 4) interactions,
in the middle of a-helices). Salt bridges were identified
between the negatively charged groups of aspartate, glu-
tamate, or the carboxy-terminus of the protein, and the
positively charged groups of histidine, lysine, arginine, or
the amino-terminus. The energies of hydrogen bonds, Exg,
and salt bridges, Egp, were calculated using the following
equations:

_ Ro\ 12 R\
Euyp =V [5 (7) -6 (7?_) F(6,9,v),

(with their van der Waals surfaces constrained to stay within
0.25A) that water molecules cannot intervene. Bonds be-
tween the protein and any ligands, including metals and
other ions, were treated as covalent bonds if so specified
in the PDB file, or if they were within covalent bonding
distance of the protein; otherwise, they were subject to the
above rules for identifying hydrogen bonds and hydrophobic
interactions.

sp® donor pairing with sp? acceptor : F(8, ¢, ¥) = cos? 0 e~T—9° cos?(¢ — 109.5),

sp? donor pairing with sp3 acceptor
sp> donor pairing with sp* acceptor

sp? donor pairing with sp? acceptor

L F O, ¢,y) =cos?0e~ T cos? ¢,
F@,$,y) = cos* (e )2,
L F(8, ¢, y) = cos* 6 e~ cos?(max[¢, y]),

where Vg = 8kcal/mol

and Rg=2.84;

RS 12 ( RS 10
E :V 5 _6 £
5B 5‘ (R+ ) R+a)

where Vg = 10 kcal/mol,

Rs=32A, and a=0375A.

(D

In each equation, R is the distance between the donor and
acceptor atoms. The # angle is the donor-hydrogen-acceptor
angle, and ¢ is the hydrogen-acceptor-base atom angle,
where the base atom is the atom bonded to the acceptor
(e.g. carbonyl carbon for a carbonyl oxygen acceptor atom).
The angle y is an out-of-plane angle that arises when both
the donor and acceptor have sp? hybridization. For the
salt-bridge energy function, also a modification of the Mayo
hydrogen-bond potential, the values of Vg, Rg, and a were
selected such that the computed energies matched those of
experimental results on salt bridges [28]. No angular term
between donor and acceptor is included for salt bridges
because of their significant Coulombic component, which
is only dependent on distance.

Hydrogen bonds and salt bridges were included in the
flexibility analysis if their energies were less than (more
favorable than) —0.1kcal/mol. Because salt bridges are
essentially a special case of hydrogen bonds in which the
donor and acceptor are charged, for simplicity, we will re-
fer to both hydrogen bonds and salt bridges as hydrogen
bonds.

Pairs of carbon and/or sulfur atoms in the protein and
ligands were considered to make hydrophobic contacts if
their van der Waals surfaces were within 0.25A, using
van der Waals radii of 1.7 and 1.8 A for carbon and sulfur
atoms, respectively [29]. Because the FIRST program mod-
els interactions as inter-atomic constraints, hydrophobic
interactions [30] were modeled as flexible tethers [31] in
order to constrain the protein structure less than hydrogen
bonds do. This representation of hydrophobic interactions
allows the two atoms forming a hydrophobic interaction to
slip relative to one another, while remaining close enough

2.2. Flexibility analysis

The structural flexibility of a protein structure is a property
that depends upon how the motion of each atom is restricted
by bond forces. In the absence of any bond forces, each atom
has 3 degrees of freedom associated with motion in three di-
mensions, To calculate the flexible regions in a protcin, it is
necessary to accurately identify which bond forces remove
degrees of freedom from the system by restricting the motion
between atoms. The strongest of these bond forces are the
covalent bonds. In the absence of non-covalent forces, the
single bonds in a protein could rotate about any dihedral an-
gle that did not result in steric overlap. The protein would be
free to adopt a large number of conformations with compa-
rable energics. Thus, the non-covalent forces largely define
the secondary, tertiary, and quaternary structure observed in
proteins. The non-covalent interactions, such as hydrogen
bonds and hydrophobic interactions, impose constraints on
bond rotation that can be observed by identifying the sta-
ble and flcxible regions in a protein structure, We use the
software FIRST to represent the covalent and non-covalent
constraints present in a protein and to compute the resulting
flexibility of the main chain and side chains [20,22].

Because we are interested in macroscopically significant
flexibility, rather than the high-frequency fluctuations asso-
ciated with thermal motion, bond lengths and angles are as-
signed their equilibrium values as observed in the protein
crystal structure. These fixed bonds lengths and angles give
rise to distance constraints between pairs of atoms in the
protein, either explicitly from chemical bonds or implicitly



Fig. 1. Example of a distance constraint that arises due to a fixed bond
angle, . The positions of the N, Cg, and C atoms are crystallographically
defined, and the sp® hybridization of the C, atom defines the bond angle
@. Because this angle is held constant, the distance between the N and
the C atoms, shown as a gray dashed line, is also fixed.

from other local bond lengths and angles. For example, each
of the covalent bonds between adjacent N, C,, and C atoms
in the backbone has a constant bond length and forms a
constant bond angle, « (Fig. 1). This fixes the distance be-
tween the second nearest neighbor N and C atoms, shown
as a dashed gray line in Fig, 1. All such fixed bond angles
can be represented by the associated distance constraints.
In this manner, we identify all the distance constraints that
arise due to covalent bonds and angles, and add constraints
for non-rotatable peptide and other double or partial dou-
ble bonds, as well as those arising from salt bridges, hydro-
gen bonds, and hydrophobic interactions [31], as described
earlier.

FIRST uses 3D constraint counting [22] on this net-
work of distance constraints to identify the flexible and
rigid (structurally stable) regions within a protein. This
graph-theory algorithm [20,32] for analyzing proteins is a
3D extension and implementation of results in mathemat-
ical rigidity theory that have developed over the past few
years. The roots of this work go back to the introduction
of constraints on the motion of mechanical systems during
the late 18th century by Lagrange [33]. Maxwell [34] used
this approach during the late 19th century to determine
whether structures were stable or deformable. Traditional
applications have been to problems in engineering, such as
determining the structural stability of different truss confi gu-
rations in bridges. A very significant advance occurred with
Laman’s theorem [35] in 1970, which precisely determines
the degrees of freedom within two-dimensional networks,
and allows the rigid regions and flexible joints between them
to be found. The details of the extension of this approach to
3D systems, including the FIRST software developed to an-
alyze proteins, are presented in [20]. The results of FIRST
native-state flexibility analysis have been shown to com-
pare well with experimental definitions of flexible regions
in a series of proteins including lysine-arginine—omithine
binding protein [20], cytochrome ¢ [21], HIV protease,
adenylate kinase, and dihydrofolate reductase [22]. (The
FIRST software is available to interested academic and
commercial researchers; see http://first.pa.msu.edu.)

The results of FIRST indicate for each bond in the protein
whether it is flexible (free to rotate) or rigid (not rotatable)
due to the covalent and non-covalent constraints within the
structure. Groups of atoms coupled to each other via rigid
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A rigid cluster

)\,7Flexible bonds

Mapping the 3D resuit
ontoca 1D
representation of the
protein main chain

Fig. 2. Displaying the results of FIRST flexibility analysis by mapping
the nigid and flexible regions in the 3D structure onto a 1D representation,
from N- to C-terminus, The structure of chymotrypsin inhibitor 2 is
shown above, with FIRST-defined flexible bonds shown as thin black
lincs and independently rigid regions shown as differently colored thick
tubes. For simplicity, only the rigid and flexible regions of the main chain
are shown, but the side chains were also included in the analysis. To
create a one-dimensional summary of the results, the same coloring of
lines/tubes is then mapped onto a line representing the main chain from
N- to C-terminus, shown below,

bonds form a rigid cluster. One or more independent rigid
clusters with intervening flexible regions may occur in a
protein structure. The distribution of rigid clusters and flexi-
ble bonds identified by FIRST can be viewed graphically
by color-mapping this information onto the 3D structure of
the protein, as shown in the top part of Fig. 2 (for clarity,
the side chains are not shown). Flexible (rotable) bonds are
shown as thin black lines, while rigid bonds are depicted by
thick, colored tubes, with each independently rigid cluster
distinguished by a different color.

2.3. Simulating denaturation

As a protein is gradually denatured, the covalent bonds
remain intact, whereas hydrogen bonds begin to break. The
flexibility in the protein will increase as thc number of
hydrogen bonds in the protein decreases. Our hypothesis
is that the folding core is the region that will remain struc-
turally stable the longest under denaturing conditions. This
hypothesis was tested by incrementally removing hydrogen
bonds from a protein structure to simulate thermal denatu-
ration, then using FIRST to observe the evolution of flexiblc
regions in the structure. The results depend upon the order
in which hydrogen bonds are removed. Because hydropho-
bic interactions actually become somewhat stronger with
moderate temperature increases [30], these interactions are
maintained throughout the simulation, Three methods for
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diluting the hydrogen bond network of a protein are pre-
sented, each designed to test the importance of the strength
and/or density of the hydrogen bonds when selecting which
bond to remove next.

2.3.1. Thermal denaturation

As the temperature of a protein is gradually in-
creased, the hydrogen bonds are expected to break in an
energy-dependent manner. We mimic this process by using
the following procedure. Initially, the flexibility of the na-
tive protein structure is analyzed with all its covalent and
non-covalent interactions (hydrogen bonds and hydrophobic
interactions). The weakest hydrogen bond in the structure
is then broken by removing any constraints created by that
bond [31]. The effect of removing this bond is then ob-
served by applying FIRST to identify the flexible regions in
the protein. We continue this process of breaking the weak-
est hydrogen bond remaining in the structure and updating
the identification of flexible regions until all the hydrogen
bonds have removed.

2.3.2. Random removal of non-covalent bonds over a
small energy window

The thermal denaturation scheme above removes hydro-
gen bonds strictly in order of energy. To introduce some
noise into the method, reflecting the stochastic nature of
thermal denaturation and testing the effect of inaccuracies
in the hydrogen-bond energy function, the next hydrogen
bond to be removed is randomly selected from the 10
weakest bonds remaining in the protein. This method was
developed to test whether the small fluctuations expected
to occur during thermal denaturation will influcnce the
flexibility or folding core predictions.

2.3.3. Completely random removal of non-covalent bonds
To check whether the relative energies of hydrogen
bonds, and not just their density in the structure, are indeed
important in thermal denaturation, we have also performed
completely random dilutions of the hydrogen bonds in the
network, without respect to their energies. In this case,
the next hydrogen bond to be removed from the protein is
selected randomly from all remaining hydrogen bonds.

2.4. Visualizing results

Due to the difficulty in comparing flexibility results
mapped onto 3D structures for a large number of steps
in the denaturation of a protein, we employ the reduced
one-dimensional (1D) representation shown at the bottom
of Fig. 2. The calculation used for this result includes
side-chain and ligand atoms, as well as main-chain atoms.
As in the 3D figure, each backbone bond is represented
as a thin black line if it is flexible (rotatable), or as a col-
ored tube if it is rigid. A single rigid region (represented
by a single color) may consist of non-contiguous regions
of the sequence, as demonstrated by the red rigid region

in Fig. 2. The complete denaturation can now be viewed
as a series of horizontal lines (Fig. 3), ordered from native
statc (top) to a substantially flexible, or denatured state
(bottorn). Each line shows the current regions of structural
stability and flexibility for the backbone atoms after a step
in the denaturation process. Frequently, several successive
lines are identical because the flexibility of the backbone
has not been affected by the changes in the non-covalent
bond network. These redundant lines are omitted, and only
those steps that result in a change in backbone flexibility
are displayed. Fig. 3A provides an example of a complete
thermal denaturation simulation for cytochrome c¢. The
three columns on the left-hand side describe: the number of
remaining hydrogen bonds in the protein at each step; the
energy of the just-broken bond (in kcal/mol), according to
the modified Mayo potential; and the mean coordination,
(r), of the atoms in the network at that step, counted as the
number of covalent bonds, hydrogen bonds, salt bridges, and
hydrophobic interactions per atom, averaged over all atoms
in the protein [31]. The mean coordination decreases along
the unfolding pathway and is a structure-based variable that
can be usefully regarded as a folding/unfolding reaction
coordinate. Regular secondary structure content is shown
at the top, as determined by DSSP [36]. The right-hand
columns, together with the solid triangles beneath each line,
show the residue locations of the donor (blue) and acceptor
(red) atoms of the hydrogen bond or salt bridge broken to
generate this step. For instance, “M2” indicates the main
chain of residue 2, “S93” indicates the side chain of residue
93, and “W120” indicates water molecule 120 in the PDB
structure. “H” indicates other heteroatoms, belonging to
non-protein functional groups such as bound heme.

2.5. Identifyving the folding core

Generally, in the native state, most of the residues be-
longing to an a-helix or B-strand are rigid, and the sec-
ondary structures are mutually rigid, or approximately rigid.
As the hydrogen bonds are removed from the protein, parts
of the secondary structures may become flexible, particu-
larly the ends of helices and strands. Also, the secondary
structures tend to become independently rigid at inter-
mediate steps in denaturation, due to loss of inter- and
intra-secondary structure bonds.

The protecin folding core is defined in this study as the
set of secondary structures that remain mutually rigid the
longest in the simulated denaturation. The secondary struc-
tures for the native states of each of the 10 proteins were
identified by using DSSP and tracked during the unfolding
simulation. Not all residues in the secondary structure are
required to be rigid when identifying the folding core. An
a-helix is considered to be rigid if at lcast five consecutive
residues, corresponding to one complete turn of an a-helix,
belong to the rigid cluster. If a helix is defined by DSSP to
contain lcss than five residues, as can occur with 3¢ helices,
all its residues must be mutually rigid to be considered a
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rigid secondary structure. The [3-strands are required to have
at least three consecutive residues rigid to be considered as
part of the folding core. This criterion of three consecutive
rigid residues allows for at least two hydrogen bonds to an
adjacent strand. Tf a strand defined by DSSP consists of less
than three residues, the entire strand is required to be rigid
to be counted as part of the folding core.

3. Results

3.1. Thermal denaturation to probe unfolding pathways
and folding cores

For cytochrome ¢, the native state is composed of a sin-
gle, structurally stable region represented by the top line in
Fig. 3A, and the 3D structure is shown at the right. When
hydrogen bonds 113 through 65 (the weakest 49) were re-
moved, the large rigid cluster (colored red) significantly de-
creased in size (at the fifth line in panel A), resulting in new
flexibility in those residues between the N- and C-terminal
helices. These helices formed the only significantly rigid
region in the protein. The folding core was predicted as
the last point in the denaturation when at least two sec-
ondary structures formed a single rigid region. This point
in cytochrome ¢ occurred in the fifth-to-last line, where the
N- and C-terminal helices remained mutually rigid. On the
next line, no single rigid cluster contained more than one
secondary structure. The predicted folding core is shown
structurally at bottom right in panel A, and summarized in a
1D representation just below the denaturation results, along
with the folding core determined by H-D exchange [18,37].
The predicted and observed folding cores correspond well,
both indicating that the N- and C-terminal helices together
form the stable folding core.

The detailed unfolding pathway and folding core predic-
tions upon thermal denaturation are shown for barnase in
Fig. 3B. There was a significant change in the flexibility of
the protein observed after 35 hydrogen bonds had been re-
moved (line 4), resulting in several small rigid regions that
could move independently of one another (as indicated by
their different colors in the plot), and one large rigid region
(shown in red). Our study of folding transition states [31)
has shown that the rigid core of proteins disintegrates into

several independent rigid regions when the mean atomic
coordination decreases below ~2.415. This is seen for both
barnase and cytochrome ¢ in Fig. 3, yielding a transition be-
tween rigid and flexible states that is also found for network
glasses near the same mean coordination [38]. An intermedi-
ate structural state in barnase is formed by the packing of an
a-helix against the B-sheet (second structural panel at right
in Fig. 3B). The B-sheet in this super-secondary structure
partially denatures to form the folding core itself, consisting
of the a-helix packed against part of the 3-sheet (fourth line
from bottom in Fig. 3B, with 3D structure shown in the last
pane! at right). The H-D exchange folding core, shown at
bottom (orange), matches the predicted folding core (red)
well, with the exception of the short, C-terminal B-sheet.

Fig. 4 shows the unfolding pathway for interleukin-1f3,
a protein consisting of only B-strands. The structure shows
little breakup during the initial steps of the unfolding sim-
ulation. A significant event occurred when hydrogen bond
106 was broken, resulting in flexibility for a large portion
of the structure. The B-strands formed by residues between
50 and 135 remain rigid, and form the folding core on the
fourth line from the bottom. A comparison to the experi-
mental folding core, shown at the bottom in orange, shows
significant similarity.

The hydrogen bond dilution results for BPTI are shown in
Fig. 5. BPTI is a member of the DSSP secondary structure
class “few” due to its small size and few secondary struc-
tures, and its disulfide bonds were included as part of the
covalent bond network. The steps in the unfolding pathway
represented in Fig. 5 show a gradual breakup of the struc-
ture into small rigid regions linked by flexible hinges. The
N-terminal helix becomes flexible when hydrogen bond 29
is broken, followed by the C-terminal helix when hydrogen
bond 15 is broken. The remaining two secondary structures
{B-strands between residues 15 and 35) remain mutually
rigid, along with residues 45 and 51, to form the predicted
folding core of BPTI. Again, the predicted and experimen-
tally determined folding cores correspond closely.

Thermal denaturation simulations were performed to
predict the folding core for each protein in our dataset.
Fig. 6 summarizes the folding core predictions from these
simulations, comparing the predicted folding core to that
observed experimentally. For a majority of the proteins (8
out of 10), the folding core predictions agree well with

<

Fig. 3. Results of thermal denaturation, in order of hydrogen-bond energy, for cytochrome ¢ and barnase. (A) Cytochromc ¢: this figure shows how
the structure fragments into smaller rigid regions, with intervening flexible linkers, as the hydrogen bond network denatures with increased thermal
energy. Alpha helices within the native structure are indicated as red zigzags at the top. Shown at right is the 3D representation of the largest stable
region (colored red) in the protein for the native state (top), an intermediate, state {middle), and the folding core (bottom), defined as the last point in
denaturation at which the largest rigid region consists of more than one secondary structure. The summary of the folding core prediction at the bottom
of panel A indicates that there is close correspondence between the prediction of the folding core as the most stable supersecondary region and the
folding core as defined by protection from H-D exchange [37]. (B) Barnase: the native-state secondary structure for bamase is shown at the top (red
zigzags indicate a-helical structure and yellow arrows represent B-strands). The three figures on the right show the location of the largest rigid cluster in
the protein at that step. The folding core is predicted at the fourth-to-last line, and includes the N-terminal helix and the four C-terminal strands. This
predicted folding core overlaps well with the observed folding core from H-D exchange experiments [44], shown in orange at the bottom of the figure.



202 B.M. Hespenheide et al./Journal of Molecular Graphics and Modelling 21 (2002) 195-207

32 0§ o«
2 &V
All 152 Hbonds

149 0033 2426 M08
131 -0428 2414 M 58
130 -0.436 2413 M a4
128 -0.458 2.413 he N
128 0496 2.412 ‘W = W1a7
127 0511 2401 WMW* M a7
125 0580 2410 NS - S~~~ S RS~ AL —— N ——— S -~ M 36

121 0713 2.408 Y 75— S - SO SRR S S R ——— S —— )1 153
120 -LRBD 2407 - A A — ST SR SR/ AR D\ 1557

11 -1.211 2403  -— - TR — S — A Y - SRR N — - 30 S D
100 -1.258 2.401 -SRI RO — I — SRR S G — N 3T A W

108 -1.259 2.401 ﬂmmm—w—_mw M0S A
106 -1.353 2.400 e : A YOS ISR - MUY o Al —§—— M {§ S X
102 -1.550 2.397 Py R R~ TR A S - ——————— & 16 5 1Y
L0 2397 T R~ T - IR - i il - 502 MR
98 1798 2.394 ' ———— i : Bd— MG 00
90 2436 2390 ' 3. s B MB9 M B
83 2701 2.386 ¥ - 4 & ik My MY
Hingdonor  Hedacespor M:main-chain S:side-chain Wiwater H:hetero-atom

Our pradicted fokfing eose S AR — N S M L

Eose ptimbueresd I oo

Fig. 4. Thermal denaturation results for interleukin-1{3. The native-state sccondary structure for interleukin-1{ is shown at the top (yellow arrows represent
B-strands). The experimental folding core is composed of f-sheet formed by strands 6-10. The main-chain rigidity of the predicted folding core is shown
on the fourth line from the bottom. The predicted folding core (summarized in red at bottom) includes strands 6-10, and also portions of strands 5 and
11, and is compared with H-D exchange folding core [49] (shown in orange).

folding cores predicted by regions of slow H-D ex- larger than that identified by flexibility analysis. Given that
change, and often involve tertiary interactions between different experimental conditions can also produce different
sequence-distant secondary structures. For a-lactalbumin, results, we are consulting a broader range of experimental
half of the folding core region is in agreement, and for T4 probes of T4 lysozyme folding, as well as doing further
lysozyme, the folding core identified by experiment is much structural analysis.
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Fig. 5. Thermal denaturation results for BPTL. The native-state secondary structure for BPTI is shown at the top (red zigzags indicate a-helical structure
and yellow arrows represent B-strands). The secondary structure of BPTI consists of a 31y-helix near the N-terminus, two (3-strands, and an «-helix near
the C-terminus. The bottom of the figure compares the predicted folding core, in red, to the experimentally identified folding core [4G), in orange. The
comparison shows significant overlap between the two results, both of which identify the two B-strands and residue 45 as belonging to the folding core.
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Fig. 6. Comparison of the folding core predicted by FIRST flexibility analysis (P) to the observed folding core of H-D exchange experiments (E) for
bamase [44], cytochrome ¢ [37], ubiquitin [45], BPTI [46], nbonuclease T1 [47], chymotrypsin inhibitor 2 [48], intetleukin-1§ [49], T4 lysozyme [50],

a-lactalbumin [51], and apo-myoglobin [52].

Given the diverse structures and folding mechanisms for
these 10 proteins, the good agreement between theory and
experiment indicates that flexibility analysis is a useful tool
for probing the stability of substructures, in particular the
folding core, along the unfolding pathway. This approach
provides explicit 3D structural maps of the stable regions
predicted in the protein at each step during denaturation, as
well as providing a model for the interactions important in
stabilizing folding cores: a dense network of hydrogen-bond
interactions that augment the ubiquitous, but less specific,
hydrophobic interactions.

3.2. Evaluating other models of denaturation

3.2.1. Random removal of non-covalent bonds over a
small energy window

Fig. 7 shows the result of simulating cytochrome ¢ de-
naturation by removing a hydrogen bond randomly from
the 10 lowest-energy bonds remaining in the protein at each
step. It can be seen in the second column on the left that the
energies of the bonds being removed are generally becom-

ing more negative (stronger), however they are not removed
strictly from weakest to strongest energy as in the thermal
denaturation (Fig. 3A). This approach tests the robustness
of the thermal denaturation scheme to thcrmal fluctuations
or some inaccuracy in the calculation of hydrogen-bond
energies. Comparing Fig. 3A and Fig. 7 show that intro-
ducing some randomness into the thermal denaturation has
little effect on accurate prediction of the folding core for
cytochrome ¢, and mainly predicts a more rigid unfolding
intermediate state between —1 and —2.3 keal/mol. Twenty
separate runs were performed with different random se-
lection of the hydrogen bonds to be removed from the 10
lowest-energy hydrogen bonds (data not shown), and all
runs predicted the same folding core.

3.2.2. Completely random removal of non-covalent bonds
As an extreme example of a random dilution, we simu-
lated denaturation in which the hydrogen bond energies were
not taken into account. Each hydrogen bond was weighted
equally, and the next bond to be removed was chosen ran-
domly from all hydrogen bonds remaining in the protein.
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Fig. 7. Results of random hydrogen bond dilution within a window of hydrogen-bond energies for cytochrome ¢, Denaturation is simulated by removing
hydrogen bonds as in the thermal denaturation scheme. However, instead of always removing the weakest hydrogen bond in the protein, a hydrogen bond
is randomly selected from the 10 weakest hydrogen bonds remaining in the protein. Beneath the figure, the predicted folding core (red) is compared to
the observed folding core (orange). The similarity in folding core prediction with that of the thermal denaturation simulation in Fig. 3A indicates that the
results of thermal denaturation are robust, in that they are insensitive to small thermal fluctuations or inaccuracies in the hydrogen-bond energy function.

If the folding core of a protein could be identified solely
by having the highest density of covalent bonds, hydro-
gen bonds and hydrophobic interactions, regardless of their
energies, then the results of this approach would be ac-
curate. Four separate, random denaturation simulations for
cytochrome ¢ are shown in Fig. 8. Below each panel, a com-
parison between the folding core predicted from this simula-
tion and the experimentally observed folding core is shown.
Panel C in Fig. 8 shows that a completely random simulation
can, by chance, produce a correct folding core prediction and
have similar intermediate features to thermal denaturation
according to hydrogen-bond energy (compare with Fig, 3A).
However, the other panels in Fig. § indicate that a random
hydrogen bond removal scheme most commonly mispredicts
the folding core. Thus, the energy of hydrogen bonds is a
significant factor in simulating the denaturation and unfold-
ing of proteins, as validated by folding core prediction.

4, Discussion

Several theoretical techniques have been developed to
probe protein folding pathways through an analysis of the
native state [13,15,39—41]. Galzitskaya and Finkelstein
have developed a technique to computationally analyze the
energetics of all possible substructures in the native-state
conformation and define a subset of thcse structures as
the transition state ensemble. Computed @-values, which

measure the similarity between transition-state structure
and native-state structure for a given residue, from their
ensemble show good correlation to experimentally deter-
mined values [13]. Hilser et al. partition the protein into
blocks along the sequence, then generate alternative parti-
tions by shifting these blocks [15]. The blocks are then kept
folded or unfolded in all possible combinations to generate
an ensemble of states. Folding cooperativity between one
residue and all other residues in the protein is assessed by
performing an energy-perturbing mutation of the residue, in
all its occurrences within folded states, then observing the
effects on all other residues. An alternative approach is that
of Tsai et al. [40], in which the native-state structure is also
partitioned, first into domains (visually), then into potential
hydrophobic folding units based upon a scoring function
measuring compactness, degree of isolation, and hydropho-
bicity. A combinatorial approach is then used to reassemble
possible folded states from these folding units. Similarly,
Wallgvist et al. partition the structure by using a sequence
mask, and assess pairwise and higher-order interactions
in a unified-atom representation of the protein by using a
knowledge-based folding potential [41], Essentially, all these
approaches exhaustively partition the structure into substruc-
tures, and use a potential or scoring function to assess the
interactions between substructures as potential intermediate
states in folding.

More recently, Vendruscolo et al. [8] and Dokholyan
et al. [42] probed the transition-state ensembles of small
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proteins for residues important in forming the transition
state, and represented the results in terms of networks of
interactions between residues. In particular, Dokholyan et
al. identify three residues, A16, L49, and I57 that have
experimentally been shown to be important for forming the
folding nucleus in CI2 [42]. This agrees with our results
on CI2, as residues Al16, 149 and 157 are predicted to be
part of the folding core. A difference between these meth-
ods is that the FIRST approach directly predicts from the
native state which residues contribute to the folding core,
and does not require an ensemble of near-transition-state
conformers for the analysis. FIRST also predicts which
residues are mutually rigid or flexible from the complete
network of interactions, rather than focusing on the number
of interactions with neighboring residues.

The FIRST approach, coupled with thermal dilution of
the hydrogen-bond network, also has the goal of identi-
fying structurally stable states along the unfolding/folding
pathway, and does so by decoding the hierarchy of stable
substructures within the native state. The FIRST program
treats a profein structure as a network of atoms and bonds,
and the analysis decomposes the structure into rigid re-
gions and flexible regions. Given that the cxperimentally
identified folding core represents a region of structure
that resists unfolding, we have used FIRST to identify the
region of structure that resists becoming flexible as we
simulate unfolding. The good correlation between the pre-
dicted and experimental folding cores shown in Figs. 3-6
supports the hypothesis that the native-state structure of
a protein, specifically the distribution and strength of the
non-covalent forces, encodes information about the folding
pathway.

The power of FIRST flexibility analysis lies in its sim-
plicity and computational speed; all steps in the thermal
denaturation of a large protein can be calculated in a minute
on a personal computer. FIRST, combined with thermal
denaturation of the non-covalent bond network, also pro-
vides an explicit structural description of which regions
of the protein are flexible or structurally stable at each
step along the unfolding pathway. Using this approach,
the phase transition from the folded state to unfolded [31]
can be tracked structurally as rigidity in the protein is
lost, and, as shown here, the folding cores can be identi-
fied and prove to be in good agreement with experimental
results.
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