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A complete understanding of protein folding requires knowledge

of the structure and energetics of various states on the free energy
landscape and of how specific interactions, as well as environmental

effects, modulate their relative stabilities and the mechanism for
interconversion. In a traditional view, small globular proteins are
thought to fold cooperatively in which only the native (folded) and

denatured (unfolded) states are populated at equilibrium. Advances

in NMR techniques have allowed direct measurement of transiently

and sparsely populated intermediates for small fast-folding proteins

under native conditions? thus providing evidence for a more
complex picture of protein folding.

The villin headpiece domain is a 67-residue protein (HP67) com-
posed of the N-terminal (residues-182; the first nine residues can
be removed without affecting its stability or function) and C-
terminal (43-76) subdomains. The N-terminal subdomain is mainly

made up of turns and loops around a hydrophobic core of residues 1

F16, L21, L29, P30, V33, K38, and H41, while the C-terminal
subdomain is an autonomous folding unit comprising three helices
surrounding a hydrophobic core of residues F47, F51, M53, F58,
and L6934 The two subdomains are stabilized via an interfacial
hydrophobic cluster consisting of residues L18, L42, V50, and L75
and by a buried salt bridge between E39 and K70. Under native
conditions at pH 7.0, folding of the intact HP67 has been recently
shown to involve a marginally populated intermediate, in which
the N-terminal subdomain is nearly random coil but the C-terminal
subdomain retains a native fold.At pH below 7, the N-terminal
subdomain unfolds because of the protonation of H41. Interestingly,
the K, of the native HP67 was estimated to be at least 1.7 units
below the value of the intermediate stat&hus, the titration
behavior of H41 offers a unique probe for the conformational state
of HP67. Here we describe an atomistic simulation study of two
conformational states of HP67 (Figure 1), referred td,aderived
from an X-ray crystal structure (PDB ID: 1YUp and2, derived
from a minimized average solution NMR structure (PDB ID:
1QQ\s). We provide evidence that while staterepresents the
native fold of HP67, stat2 more closely resembles an intermediate.
We have recently developed a novel molecular simulation
technique, continuous constant pH molecular dynamics (CPHMD),
which enables a microscopic coupling between protein conforma-
tional dynamics and protonation equilibria in a macroscopic solvent
representation under a specified solution pH condit®@ombined
with the replica-exchange (REX) enhanced conformational sam-
pling protocol, we demonstrated that short-time CPHMD simula-
tions can robustly reproduce experimentll, walues in proteins
to within 1 pK, unit® Here we performed 1-ns REX-CPHMD
simulations for HP67 starting from the X-ray and NMR structures
at various pH values to determine the titration behavior of H41
(Supporting Information). We obtain &pof 2.2 and 5.6 for state
1 and 2, respectively (Figure 2a). While the former value is
consistent with the estimateKp (< 4) for the native statéthe
latter matches remarkably well the measured value (5.7) for a
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Figure 1. Representative conformations for stdteand 2 obtained as
centroids of the largest conformational cluster from the REX-CPHMD
simulations at pH 7. The N- and C-terminal subdomains are colored blue
and magenta, respectively. The side chains of the N-terminal hydrophobic
cluster are shown in liquorice.
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Figure 2. (a) The unprotonated fractions of H41 in statéopen) and2
(filled) are plotted against pH. (b) Probability density of the radius of
gyration Ry) for the N-terminal hydrophobic cluster it (open) and2
(filled). (c) In the upper triangle, a contact map fois given. Two residues

are considered in contact (black) Af* >0.4, whereP;! is the probability

for the minimum distance between side-chain heavy atoms to be within
4.5 A. The lower triangle shows a map of contact destabilization energies
for 2, defined as-RT In(P;%/P;*) with P2 being the contact probability in

2. Only contacting pairs in 1 are considered. The contacts Rjth< 0.1

are colored red.

sparsely populated intermedi&t&he significantly different titration
behavior of H41 inl and2 and the excellent agreement with the
NMR experimerttled us to hypothesize that the environment near
H41 in 2, in fact, more closely resembles the intermediate than the
native state. We tested this hypothesis by characterizing its structural
and dynamic properties using CPHMD simulations. These simula-
tions provide unique mechanistic insights into the unfolding of the
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hiV-loop h2 h3 h4 C-terminal subdomain (Figure 3). Furthermore, the interfacial salt
bridge between E39 and K70 is disrupted. Thaispay represent

an intermediate state with a fully folded C-terminal but partially
unfolded N-terminal subdomain. It is not quite clear whether this
state is the same as the sparsely populated intermediate found under
native conditions, which has a random-coil like N-terminal sub-
domain®® However, our results are consistent with the NMR data,
which suggest that unfolding of the N-terminal subdomain is non-
cooperative, whereby disruption of the interface occurs on a faster
time scale than that of the hydrophobic cér&hey are also in
agreement with the finding that disruption of the interfacial salt
bridge through mutation at E39 or K70 leads to (partial) unfolding
of the N-terminal subdomain (DPR, unpublished data).

What makes the structural and dynamics propertiessaf much
different from the native state considering that it is derived from a
structure that deviates (rms) by merely 1.7 A from the X-ray
structure? A closer examination of the two static structures (PDB
N-terminal subdomain which are not accessible by conventional ID: 1YU5 and 1QQV) reveals a subtle difference in the local
molecular dynamics simulations. environment of H41. In the X-ray structure, H41 forms two

We carried out 5-ns CPHMD simulations at 298 K and pH 7 hydrogen bonds via 8and Ne with the backbone carbonyl oxygen
starting from the X-ray and NMR structures, respectively. The total of E14 and amide nitrogen of D34, respectively. In the NMR
energy remains constant throughout the former trajectory but structure, however, the former hydrogen bond does not exist. As a
decreases rapidly in the first 500 ps before stabilizing in the latter consequence, H41 is significantly more mobile (Figure 3), leading
(Figure S2) indicating that the NMR structure does not represent ato disruption of the hydrogen bond with D34 and the ability to
local energy minimum in the context of the force field applied protonate on botld ande sites as seen in the simulation 2fBy
(Supporting Information). To rule out the possibility that contrast, in the simulation df, only No is protonated, in agreement
represents a local conformational state closely relatégve tested with the NMR data of the native statdVe propose that the loss
whether a trajectory initiated with the NMR structure led to the of the hydrogen-bonding network around H41 results in an increased
X-ray structure. After a rapid initial increase in rmsd to above 7 flexibility in the turn region (see 3133 in Figure 3), which
A, consistent with the time evolution of the total energy, the rmsd propagates to induce the disruption of the interface contacts as well
stabilizes at about 7-58 and 7-7.5 A with respect to the NMR 55 partial unfolding of the N-terminal hydrophobic cluster. It also
and X-ray structures of the intact HP67, respectively (Figure S2). results in stabilization of the doubly protonated charged form of
Thus, state2 does not appear to be relatedltoTo investigate the 41, as the nonspecific electrostatic interaction with the side chains
internal dynamics of HP67 ifhand2, we calculated the backbone  4f E14 and D34 becomes dominant, which explains its increased

N—H ord_er_ parameters_, (Figure 3). In staie the l\!-termina_l pKa value in state2. Interestingly, the loss of the hydrogen bond
subdomain is more flexible than the C-terminal one; the residues network also accompanies the acid-induced unfolding of the

preceding helix 1 (1722) as well as T24 display significant
mobility. Overall, except for a more mobile C-terminus, the trend
in the computed order parameters fois in good agreement with
the NMR data for the native stateén 2, by contrast, residues 25

33 in the V-loop (22-28) and the adjacent turn region as well as
K38, 543, and G52, M53 of helix 2 exhibit backbone motions with  Acknowledgment. Financial support from the National Institute

large amplitude. These residues encompass the N-terminal and interys Health (Grants GM57513 and GM48807 to C.L.B.) and from

subdomain hydrophobic cores, thus suggesting a possible partiai,e NSE (Grant MCB 614365 to D.P.R.) is greatly appreciated.
unfolding. To further probe the dynamics of the N-terminal and

inter-subdomain hydrophobic clusters?nwe computed their side- Supporting Information Available: Computational details and
chain methyl G-H order parameters relative tb. The most supporting data. This material is available free of charge via the Internet
significant change is observed at V33, L42, and V50, further at http://pubs.acs.org.

suggesting a partial unfolding of the interface (Figure 3).

To examine the structural properties of statand 2 that give
rise to the internal dynamics as discussed above, we performed
4-ns REX-CPHMD simulations at pH 7 initiated from the X-ray
and NMR structures, respectively. The REX protocol was employed
to ensure better conformational convergence (Figure S1). In compar-
ison to state?, the radius of gyration (Figure 2b) and solvent access-
ible surface area it (Figure S3) show a significant increase for the
N-terminal hydrophobic cluster but remain unchanged for the
C-terminal one. Figure 2c shows the contact map for steded
the destabilization energies of these contac® WWhile the majority
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Figure 3. Computed NMR order paramete&) are plotted against amino

acid sequence for statgopen) ana (filled symbols). The backbone-NH

order parameters are represented as circles while the metttylgarameters

are represented as bars. For the latter, only those within the N-terminal and

interface hydrophobic clusters displaying significant changezbo) are

shown.

N-terminal subdomain in a REX-CPHMD simulation at pH 2
initiated from the X-ray structure (data not shown). Taken together,
our results highlight the importance of subtle interactions in
modulating the protein folding landscape.
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