First-Principles Calculation of the Folding Free
Energy of a Three-Helix Bundle Protein
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The folding and unfolding of a three-helix bundle protein were explored with molecular-
dynamics simulations, cluster analysis, and weighted-histogram techniques. The folding-
unfolding process occurs by means of a ““folding funnel,”” in which a uniform and broad
distribution of conformational states is accessible outside of the native manifold. This
distribution narrows near a transition region and becomes compact within the native
manifold. Key thermodynamic steps in folding include initial interactions around the
amino-terminal helix-turn-helix motif, interactions between helices | and Il, and, finally,
the docking of helix lll onto the helix I-ll subdomain. A metastable minimum in the
calculated free-energy surface is observed at approximately 1.5 times the native volume.
Folding-unfolding thermodynamics are dominated by the opposing influences of protein-
solvent energy, which favors unfolding, and the overall entropy, which favors folding by

means of the hydrophobic effect.

Recent years have seen a significant ad-
vance in our understanding of the protein-
folding problem—the mapping of a protein
sequence to a three-dimensional structure.
A hallmark of this progress has been the
macroscopic characterization of folding in-
termediates for several proteins (I1). Theo-
retical models have been constructed to
explain the experimental behavior of these
states (2). However, molecular-level infor-
mation concerning structure, dynamics, and
thermodynamic properties of proteins as
they fold has been lacking from both theo-
retical and experimental studies.

Theoretical models can provide insights
into important aspects of protein folding. It
is now possible to simulate the entire fold-
ing-unfolding process for simple proteins
with lattice models (3). Lattice studies can
address basic questions about folding mech-
anism (4), such as whether general mecha-
nisms like the framework model (5), the
diffusion collision model (6), hydrophobic
collapse (7), or folding funnels (8) are
prominent in folding. These methods also
yield predictions of the native states of
simple proteins from their sequences alone
(9). However, the simple representation of
protein amino acids as single beads (or
sometimes two, one to represent the main
chain and one for the side chain) and the
inability to incorporate solvent explicitly
preclude lattice-model simulations from
probing molecular details of folding and of
folding intermediates.

The simulation of the protein-folding
process in its entirety with all-atom models
of protein and solvent has, to date, been
computationally too demanding. However,
these models have been used to study pro-
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tein unfolding under conditions of high
temperature, when unfolding is rapid (10),
and to characterize isolated nonnative equi-
librium states of proteins near the native
conformation (I1). Additionally, all-atom
models have been used to investigate the
propetties of peptides and secondary struc-
tural elements with an implicit “divide and
conquer” strategy (12). '

To move beyond current studies based
on all-atom models with explicit solvent,
we have developed a synthesis of large-scale
molecular simulations and clustering meth-
ods to construct a free-energy surface for the
folding-unfolding process of a small three—
helix bundle protein. Our focus is, there-
fore, on the thermodynamics of the folding-
unfolding process and the relations between
structure, dynamics, and energy along a
thermodynamic folding-unfolding coordi-
nate. We do not address issues of folding
kinetics.

We examined the unfolding and folding
of a three-helix bundle because it is one of
the simplest folding motifs. Specifically, we
examined a 46-residue subsequence from
fragment B of staphylococcal protein A
(13). This protein is one of a few that are
small and have a well-defined secondary
and tertiary structure, and whose folding is
not complicated by the presence of disulfide
bonds, cofactors, or metals. The native
structure of this bacterial cell wall protein
(14) has been determined both by x-ray
crystallography (15) and nuclear magnetic
resonance (NMR) spectroscopy (16).

The first-principles calculation of the
folding free-energy surface (also known as
the potential of mean force because it rep-
resents the potential whose gradient is the
mean force along the chosen reaction coor-
dinate) for fragment B of protein A in an
explicit solvent environment was performed
as follows. We defined the reaction coordi-
nate, onto which we projected the comput-
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ed free energy and related dynamic and ther-
modynamic properties, as the radius of gyra-
tion (R, ), because this coordinate is directly
related to the volume of the protein during
the folding process. Several independent
molecular-dynamics (MD)  simulations,
starting from the folded NMR structure,
were performed to generate a database of
structures that spanned the reaction coordi-
nate from the native state to the unfolded
state. In portions of these simulations, per-
formed for >9 ns, increased temperature or
biasing potentials were used to enhance the
range of conformations sampled (17). This
database was divided, according to the Ry,
value, into 20 equally spaced partitions from
~9.3 to 14 A in R, The resulting structures
within each partition were clustered on the
basis of a dissimilarity function- that incor-
porates core side-chain packing, helical hy-
drogen bonding, and solvent-accessible sur-
face area with hierarchical, agglomerative
clustering (18) (Fig. 1, legend). For each
partition, a “natural” clustering was extract-
ed from the hierarchy with an information
function (19). This process resulted in the
identification of between two and seven
clusters within each partition. The struc-
tures closest to the cluster centers were iden-
tified (78 in all) and used as initial condi-
tions in “importance-sampling” MD simula-
tions. A histogram in R, was generated
from each simulation. The overlapping his-
tograms spanned the reaction coordinate.
Additionally, the continuity in configura-
tions from adjacent initial conditions was
examined to ensure local reversibility in the
underlying sampling. The free-energy sur-
face was constructed from these histograms
by the weighted-histogram method (20).
From the clustering alone, several fea-
tures of the conformational free-energy sur-
face are apparent. Fragment B of protein A
shows characteristics of folding by means of
a “folding funnel,” as shown by the proba-
bility distribution (P) of structural dissimi-
larity (D,) for the protein, P(DS|ng), versus
the folding-unfolding reaction coordinate,
R,, (Fig. 1). The term “folding funnel” (8)
refers to a hierarchical ensemble of (inter-
converting) protein conformations that de-
scend in energy, and simultaneously in
number, toward a unique coppact state as
the protein folds. The distribution shown in
Fig. 1 is unimodal and narrow for values of
R,, of <10.75 A. At R, ‘values of >10.75
A, the distribution becomes increasingly
broad and uniform, reflecting the fact that
fragment B of protein A can adopt an in-
creasing continuum of different conforma-
tions as it unfolds. Thus, the ensemble of
structures we observe, coupled with the
free-energy surface described below, form a
funnel-like hierarchy as a function of Ry,
and not a directed sequential pathway. If
there were, instead, a highly directed se-
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quential pathway from the folded to the
unfolded manifold of states, one would ex-
pect a compact distribution around a single
value of conformational dissimilarity, as ob-
served in the folded manifold for R

<10.75 A, to occur throughout the range of
the folding coordinate. Multiple sequential
pathways would look much the same. De-
spite the lack of a directed pathway, we do
observe that a sequence of consensus inter-
actions involving progressively more tertia-
ry contacts develops as folding progresses.

Four sets of representative cluster centers
are shown in Fig. 2. Each structure within a
set represents an ensemble of similar protein
conformations. These sets typify the three
thermodynamic states from our free-energy
surface calculation: (i) an unfolded manifold
with little structure; (ii) an intermediate re-
gion, in which significant amounts of sec-
ondary structure exist but the number and
probability of tertiary interactions are low;
and (iii) the native manifold.

In the unfolded manifold, volumes great-
er than 2.2 times that of the native mani-
fold, the core of the protein is substantially
disrupted and solvated (Fig. 2D). In each of
the three helical regions, both helical and
nonhelical conformations of the peptide are
apparent. Calculations of the helix content,
averaged over conformations sampled dur-
ing the free-energy calculation, indicate
that the structural fluctuations at these
large volumes are four times the size of
those at native volumes. In this least com-
pact manifold of states, the formation of
structure around the NH,-terminal reverse-
turn is observed. Two proline-containing
reverse-turn regions separate the three he-
lices, those containing Pro?! and Pro®®, re-
spectively. Of the two, the Pro?! region
appears to be important in the early folding
of this protein. Between R,, values of 12
and 12.5 A, the NH,- terminal reverse-turn
folds and brings helices I and II, which are
partially folded, into contact in 84% of the
clusters. At this stage in folding, Phe'4,
Ile'?, Leu®®, Leu??, Phe?!, 1le*2, and Leu®®
participate in hydrophobic contacts and ap-
pear to be the reason that structure forms
around the NH,-terminal turn.

As the overall structure becomes more
compact, at Ry, values of ~11 to 12 A,
helices I and II pack together into an anti-
parallel helix-turn-helix subdomain and the
amount of secondary structure increases by
33% relative to the unfolded region. The
interhelical contacts do not appear to be
very specific, and the helices fluctuate in
their relative orientation and registration at
this stage of folding. Specific interhelical
contacts involving the side chains noted
above are explored for the packing of heli-
ces | and II. Helix III remains, for the most

part, separate from the helix I-II subdomain
(Fig. 2C).
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At Ry, values of <11.0 A, the structures
are highly compact but malleable in shape.
The three-helix bundle topology is appar-
ent. The helical content of helix III fluctu-
ates by one or two turns, and helix II de-

velops a kink to allow for optimal core
packing. Helix I is still associated with helix
II, and it is in the final stages of folding that
helix I changes its orientation relative to
helix II and comes to lie across helix III,

Fig. 1. The distribution of
structural dissimilarity be-
tween conformations with a
common value of protein

Rg,» PO IR . This distribu-
tion |nd|cates that fragment
B of protein A folds by de-
scending a funnel-like series
of conformational states.
The distribution defines the
range of different conforma-
tions (conformational dis-
similarity) sampled by the
protein as the simulations
probe different regions of
the folding-unfolding reac-
tion coordinate, Ry, (measured in angstroms). The conformational dissimilarity function used to construct
this distribution is defined as a dimensionless measure of structural difference:

A B A B\?
n E<d’ 9 ) (o71-47) , (VS — &A%y
DAB= 2 aridy Var(d) Var(SA)
Thus, Dy(A,B) is the distance between two structures A and B, d is the interatomic contact distance
between core side chains / and j in structure a, d* is the hydrogen bond distance for the ith helical
hydrogen bond in structure «, and SA* is the solvent-accessible surface area for structure a.

Fig. 2. The cluster centers representing four partitions of Ry, along the folding-unfolding coordinate. (A)
Cluster centers for Ry, = 9.37 A (B) cluster centers for Rgy = 10 13 A; (C) cluster centers for Ry, =12.13
A and (D) cluster centers for Ry, = 14.13 A. The orientation of structures in each panel place the
NH,-terminal helix (helix I) near the center and the COOH-terminal helix (helix Ill) on the left. The colors in
the figure indicate the presence of secondary structure types: magenta = « helix, red = 3, helix, blue =
turn, and white = coil. The cluster centers are from the database generated for initial conditions as
described (77). The 20 equally spaced partitions in Ry, contained an average of ~350 structures each.
Hierarchical clustering was carried out with the method of agglomerative nesting with Ward's distance
function (79, 26). The natural clustering and corresponding cluster centers for each partition in Ry were
identified as described (78).
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making a 15° to 20° crossing angle relative
to the helix II axis (Fig. 2, A and B). Helix
I1I adopts its final configuration relative to
helices I and II by means of two mecha-
nisms. Either helical hydrogen bonds devel-
op from the NH,-terminus of helix I, in
which case the helix folds and then docks
onto the subdomain in an approximately
rigid-body fashion, or one of the core resi-
dues at the end of the unwound COOH-
terminal strand makes contact with some of
the core residues in the NH,-terminal re-
verse-turn or base of helix 1. After contact
formation, the COOH-terminal strand folds
into a helix and docks simultaneously. This
process appears to be highly cooperative
(Fig. 2B).

From these observations and detailed
analysis of tertiary contact formation along
the thermodynamic reaction coordinate
used here, R, we suggest that the early
thermodynamic stages of folding should be
resistant to H-D exchange in the NH,-
terminal region of the polypeptide chain,
centered around Pro?!, and the helix I-he-
lix Il interface. Significant resistance in

vy, >2.0

1.5

°

W(ng) (kcal/mol)
o =4 N W A~ O ;o

w
S
S
>
/”’
S

E(Ryy) (kcal/mol)
N
o
o

VA
\r v \: ,,‘
VoM

9 10 11 12 13 14 15
Rgy(R)

Fig. 3. (A) The free-energy surface, W(R,,), and (B)
two components [protein-protein (solid line) and
protein-solvent (dashed line)] of the average ener-
ay, E(Ry,), displayed as a function of R, These
properties illustrate the dependence of folding
thermodynamics on this (volume-related) reaction
coordinate. The volume ratios v/v,, indicate the vol-
ume of the protein (v) relative to that in the native
state (v,). The free-energy surface was construct-
ed by the method of umbrella sampling with MD
(27). For each of the 78 initial configurations of
fragment B of protein A in explicit solvent, MD in
the presence of a biasing potential was performed
for a period of between 50 and 180 ps. The biasing
potential, Uy, 18 given by Ue = KRy, — R,
where F?’ef represents one of the Ry, pamnon cen-
tersat9.38,9.63,. . . 14.13A, and kis 5to 15 keal
mol =’ A‘Z. Histograms were collected in the R,
coordinate. Energies and configurations of protein
and solvent were saved every 10 steps to con-
struct the average energy surfaces and compute
the average properties described in the text.
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helix III should occur only late in the ther-
modynamic folding pathway.

The free-energy and energy surfaces (Fig.
3) provide an energetic complement to the
structural picture just described. The free
energy as a function of R,, shows three
well-defined regions (Fig. 3A). There is a
broad native-state basin. A barrier near R,

= 10.8 A, close to the native state, sepa-
rates the native manifold from a small
metastable minimum at ~1.5 times the na-
tive volume. The native state is ~1.1 kcal/
mol lower in free energy than this interme-
diate state and is stable to equilibrium fluc-
tuations on the order of 3k;T at room tem-
perature (kg, Boltzmann constant; T,
temperature) For values of R, , greater than
~11.5 A, the free energy increases by ~1.5
kcal/mol per angstrom.

The native state is favored by the pro-
tein-protein component of the energy and
disfavored by the protein-solvent compo-
nent from the energy surfaces for folding-
unfolding (Fig. 3B). The protein-solvent
energy dominates the energetic contribu-
tions to folding, rendering folding energet-
ically unfavorable (Table 1) (see below).
This observation is consistent with the
structural features of unfolding: As the
protein unfolds, it exchanges favorable
protein-protein interactions with solvent;
the protein becomes more exposed to sol-
vent, thereby increasing the number of
protein-solvent interactions and decreas-
ing the overall protein-solvent energy.
The core side chains are-in contact with
55% more solvent in the unfolded state
than in the native state, and all side
chains show an increased exposure to sol-
vent of ~17% relative to the native man-
ifold. This increase in solvent exposure is
accompanied by a decrease in the mobility
of water around the protein side chains as
the protein unfolds.
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The overall thermodynamics for folding
of fragment B of protein A are shown in
Table 1. These properties are calculated to
provide a qualitative molecular picture of
folding-unfolding  thermodynamics. The
free-energy differences for the processes na-
tive — intermediate and native — unfolded
indicate that the native state is ~1.1 kcal/
mol more stable than the intermediate and
2.6 kcal/mol lower in free energy than the
unfolded manifold. The energy and entropy
of this system can each be decomposed into
the sum of three terms: a solvent-solvent
(SS) term, a protein-solvent (PS) term, and a
protein-protein (PP) term. It can be shown
that the solvent-solvent entropy and energy
terms cancel exactly (21). The protein-sol-
vent energy term represents the averaged
energy of interaction between“the protein
and surrounding solvent, and favors more-
unfolded states. The protein-protein energy
term represents averaged intraprotein inter-
actions and favors folding. On removal of
the solvent-solvent terms, the unfolded state
is favored energetically over the folded state
by ~2.4 kcal/mol per residue. The corre-
sponding entropy (—TASK ) (Table 1)
favors folding by approximately the same
amount. The protein-protein entropy must
increase as a function of the protein volume,
disfavoring folding. This entropy term is
qualitatively apparent in Fig. 1 as the wid-
ening of the distribution. The remaining
protein-solvent entropy describes how the
protein affects the solvent coordinate distri-
bution and vice versa, the so-called hydro-
phobic effect (22). The overall magnitude of
the entropy, which favors folding, has been
suggested to be ~2 kcal/mol per residue of
protein (23), in reasonable agreement with
our findings. Also, general findings regarding
the overall free energy of stability are con-
sistent with the thermodynamic data for a
synthetic, parallel three—helix bundle pro-

Table 1. Free-energy, energy, and entropy components for folding of fragment B of staphylococcal
protein A. The folding free energy and component energies and entropies were computed from
the underlying free-energy and energy surfaces shown in Fig. 3 (with the exception of the solvent-solvent
energy surface for which the data are not shown). The Helmholtz free-energy difference (NVT ensemble)
between the folded and intermediate (unfolded) manifolds of states was constructed from AA =

-k TInKN‘}(U) with K,’Q,(U) (hexpl—W(Rgy)/kgTIdRgy)/! (,(U)exp[ W(Rgy)/ksTldRg,); where the tempera-
ture (7) is 300 K, kg is the Boltzmann constant, and the native manifold (V) was defined as Ry, <10.8
A, the mtermedlate manifold (/) as 10.8 A< Ry, <12 A, and the unfolded manifold (()asRgy > 12 A.
The energy differences (AE) follow from averaglng the energy surfaces over the ciorrégponding regions
of Hg and the entropy (AS) comes from AA = AE — TAS. The error estimates were constructed from
the variance of batch means. The raw data used to compute W(ng) and the energy surfaces were
divided into four batches. The variance of batch values about the overall average is indicative of the
precision of the calculations. This quantity is given as + vanance in the table. The corresponding
solvent-solvent (SS) energy contributions are AERS,, = 38 = 12 kéal/mol and AERS,, =117 =12
kcal/mol; these terms are canceled in the overall thermodynamlos of folding-unfolding by correspond-
ing entropic terms. The thermodynamic driving forces for folding must arise from the terms included
in the table. PP, protein-protein; PS, protein-solvent. Units are kilocalories per mole.

Transition AA AEPP+PS AEPP —TASPP+PS

N—/ 1.1+ 0.1 —44.0 = 3.6 50.1 =44 450 £ 3.7

N—-U 26+ 0.1 —115.4 £ 4.8 139.1 £ 5.2 1182 = 4.8
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tein of comparable size (24). The accord that
emerges from our calculations for basic ther-
modynamic parameters suggests that studies
such as those presented here can be used for
two purposes: (i) to provide a bridge to an-
alytic mean-field and lattice-based theories,
furnishing them with fundamental parame-
ters for their model descriptions (4, 25), and
(ii) to provide predictions and rationaliza-
tions of experimental observations.
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Telomerase in Yeast
Marita Cohn and Elizabeth H. Blackburn*

The ribonucleoprotein enzyme telomerase synthesizes telomeric DNA by copying an
internal RNA template sequence. The telomerase activities of the yeasts Saccharomyces
castellii and Saccharomyces cerevisiae—with regular and irregular telomeric sequences,
respectively—have now been identified and characterized. The S. cerevisiae activity
required the telomerase RNA gene TLC1 but not the ESTT gene, both of which are required
for normal telomere maintenance in vivo. This activity exhibited low processivity and
produced no regularly repeated products. An inherently high stalling frequency of the S.
cerevisiae telomerase may account for its in vitro properties and for the irregular telomeric

sequences of this yeast.

Telomeres, the specialized DNA-protein
structures at the ends of eukaryotic chromo-
somes, are necessary for chromosomal sta-
bility (1). The telomeric DNA that is es-
sential for telomere function consists of
simple sequences, repeated in tandem,
whose synthesis and maintenance normally
require the ribonucleoprotein enzyme te-
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lomerase (2-5). Telomerase activities iden-
tified in vitro in extracts ftot ciliated pro-
tozoan and vertebrate species catalyze the
synthesis of hotnogeneous, precisely repeat-
ed telomeric sequences (6, 7). Synthesis by
telomerase occurs by addition of the G-rich
telomeric strand to the 3’ end of a DNA
primer. For the Tetrahymena thermophila te-
lomerase, both in vitro and in vivo studies
show that DNA synthesis occurs by copying
a short template sequence within the RNA
moiety of the enzyme (2, 8).



