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ABSTRACT. The 36-residue helical subdomain of the villin headpiece, HP36, is one of the smallest
cooperatively folded proteins, folding on the microsecond time scale. The domain is an extraordinarily
popular model system for both experimental and computational studies of protein folding. The structure
of HP36 has been determined using X-ray crystallography and NMR spectroscopy, with the resulting
structures exhibiting differences in helix packing, van der Waals contacts, and hydrogen bonding. It is
important to determine the solution structure of HP36 with as much accuracy as possible since this structure
is widely used as a reference for simulations and experiments. We complement the existing data by using
all-atom molecular dynamics simulations with explicit solvent to evaluate which of the experimental models
is the better representation of HP36 in solution. After simulation for 50 ns initiated with the NMR structure,
we observed that the protein spontaneously adopts structures with a backbone conformation, core packing,
and C-capping motif on the third helix that are more consistent with the crystal structure. We also examined
hydrogen bonding and side chain packing interactions between D44 and R55 and between F47 and R55,
respectively, which were observed in the crystal structure but not in the NMR-based solution structure.
Simulations showed large fluctuations in the distance between D44 and R55, while the distance between
F47 and R55 remained stable, suggesting the formation of a eatiorteraction between those residues.
Experimental double mutant cycles confirmed that the-F&35 pair has a larger energetic coupling than

the D44-R55 interaction. Overall, these combined experimental and computational studies show that the
X-ray crystal structure is the better reference structure for HP36 in solution at neutral pH. Our analysis
also shows how detailed molecular dynamics simulations combined with experimental validation can
help bridge the gap between NMR and crystallographic methods.

The villin headpiece helical subdomain (HP36)he the accuracy of the known HP36 structure is particularly
C-terminal portion of the villin headpiece, is the shortest important.
naturally occurring sequence which has been shown to fold Several structures have been determined for HP36, one
cooperatively (Figure 1). Infrared temperature jurh) laser by NMR and the others by X-ray crystallographic methods
fluorescence 4, 3), and NMR line shape analysis4)( (6, 7). These structures vary in the hydrophobic core packing,
technigues have been used to determine the folding of HP36in interhelical H-bonds, and in the length of the helices. In
occurs on the microsecond time scale. Its rapid folding, small addition, two potentially important side chain contacts differ
size, and simple topology of three helices have made this significantly between the NMR and X-ray structures: F47
domain an extremely popular system for experimerital ( R55, 4.3 (X-ray) and 6.3 A (NMR); and D4R55, 2.7 (X-
13) and computationall4—30) studies. Much of this work  ray) and 7.9 A (NMR) (Figure 2A,B). In the X-ray structure,
relies on using the folded structure as a reference, and thusthe F47-R55 pair forms a van der Waals contact which
could be particularly stabilizing as a catien interaction,
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differences is that they arise from methodological limitation
conditions; these frequently give rise to differences in
structures of the same protein determined using different
techniques. In general, NMR structures are less precise than
X-ray structures, particularly if only homonuclear methods
are used. Nevertheless, X-ray structures can suffer from
effects due to crystal packing; the resulting contacts may
have a local influence on conformational preferences. The
small size of HP36 and its correspondingly large surface area
to volume ratio could make crystal contacts play an important
role. On the other hand, crystallographic data are often
collected at low temperatures which might result in the
dampening of thermal motions that are present under
physiological conditions.

Many computational studies have used HP36 as a model
system for the development and validation of protein folding
methods and for optimization of force field parametdé
30). If the native reference structure is not correct, the basis
of these studies may not be valid. For example, the structure
of the first helix and the structure of the C-terminus vary in
FiGure 1: Two _experimental structures of the villin helical the ensemble of NMR structure$, (27), and many MD
fsgrbt%%n;ﬁ:g’esgr?t\al\g?/%g;\l%éhseiEiﬁlébggri ({l':tf;),nlzs%i”g nr:jeg‘%ft%“:studies have therefore neglected these regions of the experi-
NMR structure of HP36 (PDB entry 1VII) is colored blue, and the Mental structure when evaluating their success. Nevertheless,
X-ray structure (PDB entry 1YRF) is colored yellow. Differences most simulations are performed at neutral pH, and thus, it is
in the backbone and the phenylalanine core packing are highlightednot clear if the simulations should be compared to the NMR
using a best fit alignment on backbone residues-+B26. structure determined at pH 3.7. A better structural model
A _ for neutral conditions would be invaluable in pursuing further
work in understanding the folding and stability of this
important model system for protein folding.

Accurate computational studies can provide an alternate
method of studying conformational behavior and alleviate
the uncertainty about which structure is the better representa-
tion of the folded state in solution. In principle, molecular
dynamics (MD) simulations can supply detailed information
with spatial and time resolution that exceed the ability of
NMR and X-ray experiments, providing insight into the role
of specific interactions that may not be readily accessible
through experiments that probe averages over rapidly inter-

Ficure 2: Comparison of side chain interactions in the X-ray and converting ensembles.
NMR structures, using a best fit alignment on residues+Ra2. Here, we conducted all-atom MD simulation in explicit

(A) The R55 and F47 side chains are shown in both the NMR (blue) solvent using the NMR and X-ray structures of HP36 to gain

and X-ray structure (yellow). In the X-ray structure, R55 is involved ;- : ; ; ; ;
in a van der Waals contact with FA7 and a hydrogen bond with insight into the details of the folded state in solution. The

D44. (B) In the X-ray structure, Nof R55 forms a hydrogen bond ~ Simulations diverge from the initial NMR structure and
with 01 of D44 in contrast to the NMR structure where the atoms Spontaneously adopt a structure that is much more similar
are aimos8 A apart. The N-terminus is labeled. to the X-ray structure, suggesting that the X-ray structure is
a more accurate representation of the structure in solution
and R55 N). Neither contact is present in the NMR structure. at neutral pH. In addition, two residue pairs, B4455 and
These differences may arise from changes in the HP36F47—R55, spontaneously formed contacts during the simula-
sequence used in the two sets of experiments, although thigion, with the FA7R55 pair appearing to be more stable.
seems unlikely. The crystallographic study employed the These interactions were reported in the crystal structure but
N68H mutant of HP36 and also lacks the N-terminal were not present in the ensemble of structures generated by
methionine incorporated by the expression system used forthe NMR studies. Thus, we conclude that the F&RB5 pair
the NMR study [note that we adopt the typical numbering may play an important role in stabilizing HP36 in solution.
convention §, 6) for HP36, in which L42 follows the = We acknowledge that simulation models can be limited in
N-terminal methionine]. Another possible reason for the accuracy, and any predictions should be tested through direct
structural differences could be the variation of experimental experimentation. To validate our computational observations,
conditions such as pH or temperature. There was significantwe employed an experimental double mutant cycle analysis.
deviation in the pH between structural determinations; the The results are consistent with our simulation data and
NMR structure was determined at pH 3.7 in contrast to the suggest that the interaction between F47 and R55 plays a
more neutral conditions of the crystallography experiment role in stabilizing the native state through a cation
(pH 6.7). An alternate explanation for the observed structural interaction. Overall, the results show how properly validated
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MD simulations can provide an avenue to testing the stability was performed with Moil-view 46) using all atoms as a
and validity of structural models that were derived from similarity criterion with average linkage. Clusters were
experimental data. formed with the bottomrup approach using a similarity
cutoff of 2.5 A. DSSP analysis and calculation of distances,
rmsd values, and radii of gyration were carried out using

i i the ptraj module in Amber. Distances between side chains
ComputationalThe numbering system corresponds to that ere calculated using selected heavy atoms as indicated in

used for the full-length villin headpiece, with the sequence o text. PMFs were calculated according to eq 1:
of residues M41+F76 (MLSDEDFKAVFGMTRSAFAN-

LPWKQQNLKKEKGLF). HP36 has free N- and C-termini
that were modeled in the charged state. This sequence and
termini correspond to those used in the experimental studies
All side chains for Asp, Glu, Lys, and Arg were charged
during the simulation. All calculations employed Amber
version 8 81) and used the ff99SB modificatioB2) of the
Amber ff99 force field 83, 34). SHAKE (35) was used to
constrain bonds involving hydrogen. The time step was 2
fs. The temperature was maintained using the weak coupling
algorithm @6) with a thermostat of 37C (310 K), and the
pressure was equilibrated to 1 atm. All production simula-
tions were performed using the NVT ensemble. An inde-

pendent simulation using the NPT ensemble provided similar Operon. The fusion proteins with coded amino acid substitu-

results (data not shown). tions were expressed and purified as described previously
Solvation plays a key role in biomolecular structural (45). For the purification of the fusion protein of F47L and
preferences, and thus, accurate treatment of solvation isp47/R55M, ethylenediaminetetraacetic acid and phenyl-
essential for the investigation of structural propensities in methanesulfony! fluoride were added to final concentrations
simulations. Explicit solvent models can be highly effective, of 1 mM to prevent degradation by proteases during ion
particularly when water has nonbulk properties and interacts exchange chromatography. Cleavage of wild-type (WT)
directly with the solute 7). Implicit models such as the  Hp36, D44N, F47L, R55M, D44N/R55M, and F47L/R55M
semianalytical generalized Born model (GBB(are attrac-  from fusion proteins was carried out by incubating the sample
tive because they are computationally less expensive and canyith Factor Xa in buffer [50 mM Tris-HCI, 100 mM NaCl,
converge more rapidly than simulations in explicit water due and 5 mM CaGl (pH 8.0)] for 16 h. The conditions were as
to a lack of solvent viscosity. While the GB has been widely follows: WT HP36, D44N, R55M, and D44N/R55M, 2 units
used for protein folding studies by a number of groups, other of Factor Xa at 23C: F47L, 1 unit of Factor Xa at 4C;
investigators have reported poor results, including secondaryand F47L/R55M, 0.5 unit of Factor Xa at€. The solutions
structural bias and ion pairing issu@9t-41). Our previous  were purified by RP-HPLC as described. All proteins were
studies on fragments of HP36 have shown that the use ofmgre than 95% pure. The identities of the proteins were
explicit water produced results which were much more analyzed by electrospray ionization mass spectrometry (ESI-
consistent with experimental trends than those obtained with MS). The expected and observed molecular weights were

MATERIALS AND METHODS

AG® = —RTIn(N/Np) (1)
‘whereN,; is the population of a particular histogram bin along
the reaction coordinates that were employed Bads the
most populated bin. Error bars were estimated for the PMF
by averaging two independent simulations and subsequently
subtracting the PMF of an individual simulation from the
average PMF.

Cloning, Expression, and Purificatioihe plasmid (pET3a-
NTL9-FXa-HP36) containing the gene for HP36 was pre-
pared as described previousB5]. The primers for genera-
tion of the D44N, F47L, and R55M mutants were from

implicit solvent 80). Consequently, we used explicit solvent
in our simulations of HP36, in a truncated octahedral box
using periodic boundary conditions with particle mesh Ewald
(PME) (42) and a direct space cutoff of 8 A. To investigate
the influence of long-range periodicity, two additional
simulations were run: one with the isotropic periodic sum
(IPS) @3) nonlattice method with a cutoff®& A and another
with an atom-based nonbonded cutoff of 12 A with no
smoothing function. Simulations were initiated from the
NMR structure (PDB entry 1VII) surrounded by 2327 TIP3P
(44) waters molecules and equilibrated at 310 K for 50 ps
with harmonic restraints on solute atoms, followed by
minimization with gradually reduced positional restraints and

three 5 ps MD simulations with gradually reduced restraints.

The production simulations of the NMR structure were 50
ns in length for two PME simulations with different random

as follows: WT HP36, expected 4190.9, observed 4190.1;

D44N, expected 4188.9, observed 4189.0; F47L, expected
4155.8, observed 4157.0; R55M, expected 4164.9, observed
4166.4; D44N/R55M, expected 4163.9, observed 4164.3; and
FA47L/R55M, expected 4130.8, observed 4130.2.

Circular Dichroism (CD) SpectroscopyAll circular
dichroism (CD) experiments were carried out on an Aviv
62A DS and a 202SF circular dichroism spectrophotometer.
All samples for CD experiments were prepared in 10 mM
sodium acetate and 150 mM sodium chloride buffer solution
at pH 5.0. The protein concentrations were determined from
absorbance measurements using the method of Pace and co-
workers @7). The absorbance was measured at 280 nm in 6
M guanidine hydrochloride and 20 mM sodium phosphate
(pH 6.5), with an extinction coefficient of 5690 Mcm™.
Thermal unfolding and urea denaturation experiments were

seeds for aSSignment of velocities and 30 ns for the IPS andcarried outmal Crnquartz cuvette by monitoring the Signa'

cutoff simulations, respectively. As a control, the X-ray
structure (PDB entry 1YRF) was set up with the same
amount of waters and equilibrated in a similar fashion. This
simulation was run for 30 ns using PME.

Data Analysis.The last 5 ns of the simulation was used

at 222 nm. Thermal unfolding experiments were performed
from 2 to 98°C with a 2°C interval. The concentrations of
urea were measured by measuring the refractive index. The
concentration of urea was increased from 0 to 10 MJgy25

M each step. Urea denaturation experiments were performed

for cluster analysis and DSSP calculations. Cluster analysisat 25 °C. Urea denaturation experiments in the osmolyte
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trimethylamineN-oxide (TMAO) for F47L and F47L/R55M A
were also performed at 2&. The concentrations of TMAO
were measured by measuring the refractive indisy.

All thermal and urea denaturations were analyzed by a

nonlinear least-squares curve fitting equation using SigmaPlot
(SPSS Inc.): i
0(] I é J 4|1- I (i) J ?J'I I Il(} J I|2 I I|4 I Ilﬁ I I|8 I 20
M a,+ b, T+ (ag+ de)eiAG u(M/RT ) I Time (ns) B
y - —AG’ /RT c F I I I I I E
1 + e u(M % 08 _
y([urea])= 0 goer .
a, + b [urea]+ (ay + byurea])e *° ([urea])RT 204 ]
1+ o AGuurea)RT (3) g0z 7
I 2 T E—
The free energy of unfolding is assumed to be linearly RMSD (A)

proportional to the concentration of denaturant:

AG®([urea])= AG° (H,0) — mlurea] 4

whereAG°y([urea]) is the apparent free energy for the native
to denatured transitionAG°y(H20O) is the free energy of
unfolding in the absence of denaturamtjs the slope [eq 3
shows the linear dependenceAi®°y([urea]) on the denatur-
ant concentration, and the value reveals quantitative
information about the buried surface area change upon
unfolding], T is the temperatureR is the gas constang,
andb, represent the intercept and slope of the pretransition,
respectively, andy andby represent intercept and slope of
the post-transition, respectively. The fraction of unfolded
state is:

Relative Population

YT — @+ b o )

= (5) FiGURE 3: Time evolution and histogram distributions of the heavy
‘ 3y + byT — (&, + b,T) atom backbone rmsd of (A) residues 14276 and (B) residues
P62-F76 during the simulation of the NMR structure. Each calcu-
y([urea]) — (a, + b.[urea]) lation was performed using both the NMR (black) and X-ray (red)
= (6) structures as the reference. A transition occurs near 8 ns, resulting
ay + bylurea] — (a, + b,[urea]) in rmsd values lower when compared to the X-ray structure and
higher when compared to the NMR structure. The C-terminal region
RESULTS (B) shows a particularly dramatic change from the initial NMR
structure to one that much more closely matches the X-ray structure.

d

Simulations of the NMR Structur&igure 3 shows the

backbone rmsd versus time and rmsd distributions calculated T investigate the source of the large reduction in rmsd
during the last 5 ns for selected regions of HP36 during the rejative to the X-ray structure, a best fit alignment was
simulation. The rmsd is shown relative to both the NMR performed on residues 674 to compare the differences

and X-ray structures. At the end of the equilibration period, pefore and after the structural transition. In Figure 4A, the
the backbone rmsd (residues L-4275) from each experi-  \Rr, X-ray, and simulation structures are shown. The
mental structure was-2.0 A (Flggre 3A). At 8 ns, a conformations of the C-terminus differ significantly between
structural transition occurred causing the overall backbonethe X-ray and NMR structure. The simulation structure

rmsd (X-ray) t_o drop 1.0 A below the rmsq (NMR). This spontaneously converts from the conformation in the NMR
greater similarity to the X-ray structure persisted throughout . . .
the remainder of the simulation structure to that in the X-ray structure, concomitant with

) f formation of three hydrogen bonds that stabilize the observed

In Figure 3B, the rmsd relative to the X-ray structure o ) L : :
the region containing helix 3 (residues P&276) demon- conformation. G74 forms a C-capping interaction with K70

strates even more clearly a switch during the simulation from @nd K71 at the end of helix 3, along with an additional
similarity to the initial NMR structure to a greater similarity 1ydrogen bond formed between K70 and L75. Figure 4B

to the X-ray structure, as indicated by a reduction in the rmsd Shows the time evolution of these hydrogen bond distances.
to the X-ray structure from-34 to 0.5-1.0 A. Clearly, the In the beginning of the simulation, all three distances are
simulation shows the inclination of HP36 to sample structures 4—9 A. At 8 ns, the distances are reduced to2A,

with a backbone similar to the X-ray structure despite being indicating formation of the hydrogen bonds may play an
initiated with the NMR solution structure. The rmsd values important role in stabilizing the C-terminal helix. Importantly,
for the two other helices remained stable and also showed aall three hydrogen bonds are present in the X-ray structure
clear preference for the X-ray structure (Figure S1A,B).  but absent in the NMR structure (Figure 4A).
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Ficure 4: (A) Comparison of the C-terminal region (P6276)
in the X-ray (yellow), NMR (blue), and simulation (green)
structures. A key difference between the NMR and X-ray structures
is the absence in the NMR structure of a C-capping motif on helix
3 observed in the X-ray structure. This motif is spontaneously
adopted in simulations initiated from the NMR structure. (B) The
C-capping motif involves three backbone hydrogen bonds (K70
G74 in black, K7+G74 in red, and K78L75 in green) that are
formed at~8 ns and stable throughout the remainder of the

simulation.
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Ficure 5: DSSP analysis of the NMR (black), X-ray (red), and

simulation (cyan) structures of HP36: (A)-helical content per

residue and (B) turn content per residue. Overall, helix 2 and helix
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Ficure 6: Comparison of backbone and core packing in the
simulation (green), NMR (blue), and X-ray (yellow) structures,
highlighting the differences in the core packing. A best fit alignment
was performed on residues L4P62. The packing of the phenyl-
alanine core in the structure from the simulation structure is in much
better agreement with the X-ray structure than with the NMR
structure.

only a five-residue helix from D44 to K48. Thus, the
simulation significantly extends the length of the first helix,
in agreement with the X-ray structure. Overall, the locations
of the sequences of helices 2 and 3 are similar in the NMR
and X-ray structures, although helix 2 is one residue shorter
in the NMR structure (residues R5%58 for the NMR
structure vs R55A59 for the X-ray structure). In the
simulation, helix 2 appears to be consistent with both
experimental structures; full-helical content is sampled for
residues 5558, with a partial helical content~50%)
observed for A59. This may indicate that the C-terminus of
the longer helix in the X-ray structure frays at the temperature
of the NMR experiment. In both the NMR and X-ray
structures, thei-helical content is the same for helix 3 (L63
K72). The simulations sample the same helix, with residue
K73 sampling a partial population of helical structures. As
noted above, the simulation spontaneously adopts a C-
capping motif for this helix that is present in the X-ray
structure. Overall, thex-helical structural content of the
structures in the simulation is in much better agreement with
the X-ray structure, particularly in helix 1.

All-atom cluster analysis was used to generate a repre-
sentative simulation structure using the last 5 ns of the
trajectory. This structure has backbone and all-atom rmsd
values relative to the X-ray structure of 1.5 and 2.7 A
(residues 42 75), respectively, while the rmsd values relative
to the initial NMR structure were higher (2.3 A for the
backbone structure and 3.3 A for the all-atom structure).

3 are nearly the same length in the X-ray and NMR structures, but Figure 6 shows all three structures after a best fit of the

helix 1 is three residues longer in the X-ray structure than in the
NMR structure. Thex-helical content of the MD simulation is in
very good agreement with the X-ray structure, though it was
initiated from the NMR structure.

backbone from residue 42 to 62 (helices 1 and 2). Notably,
the X-ray and simulation structures have a very similar spatial
arrangement of their phenylalanine cores. In contrast to the
X-ray and simulation structures, the NMR structure has F51

The dictionary of secondary structural prediction (DSSP) shifted more into the core. Thus, the backbone and core of
(49) analysis was employed to characterize the secondarythe protein in the solution simulation possess structural
structure in the simulation to facilitate comparisons with the features that are much more similar to the X-ray structure
X-ray and NMR structures (Figure 5). In the simulations, despite being initiated from the NMR structure.
helix 1 spans the same eight residues as found in the X-ray Structural Similarities to the NMR FamilyGiven the
structure (D44-F51), while the NMR structure contained diversity among the family of structures determined using



Reconciling the Solution and X-ray Structures of HP36
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Ficure 7: Comparison of selected side chain interactions in the
simulation structure (green) and the X-ray structure (yellow). A
best fit alignment was performed on residues £#52. In the
simulation structure, R55 is 4.7 A from the base of the phenyla-
lanine ring (A) and 2.7 A from ©1 of D44 (B). This suggests that
both contacts may play a role in the stability of the protein.

the NMR data, it is reasonable to expect that some of them
may be more similar than others to the X-ray structure. Figure

S2 shows the backbone rmsd as compared to the X-ray,

simulation, and NMR average structures for each structure
in the NMR family. Overall, the individual NMR structures
are all more similar to the NMR average than to the X-ray

structure (average rmsd values of 1.7 and 2.4 A, respec-

tively). The rmsd values of the three individual helices
demonstrate similar differences. However, some of the
individual members of the NMR family are similar to the
X-ray and simulation structures, especially in helix 1.
According to the DSSP, seven of the 29 members of the
NMR family samplea-helical conformations at V50 (data
not shown) which is outside of the helical region in the

average NMR structure. This suggests that extension of helix
1 beyond the range seen in the average structure remain?n

consistent with the NMR family. However, the overall
backbone of the X-ray and the simulation structure differs
from all of the structures in the NMR family (Figure S2).

Specific Side Chain InteractionEhere are several specific
side chain interactions which differ in the NMR and X-ray
structures. In the X-ray structure, R55 forms a van der Waals
interaction with F47 and an interhelical side chagide chain
hydrogen bond with D44 (D44 & and R55 N); both
interactions are absent in the NMR structure. In panels A
and B of Figure 7, the simulation structure was aligned with
the X-ray structure to highlight the similarities in the
interaction of those particular side chains. Since the simula-
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energy minima are located within hydrogen bonding distance,
two other local minima at 5.0 and 7.0 A have relative
energies of<0.6 kcal/mol compared to the contact pair
(Figure 8B). Thus, breaking this contact is expected to be a
readily accessible thermal fluctuation. The stability of the
contact between F47 and R55 was evaluated by measuring
the distance from € of F47 to Ne of R55 (Figure 8C). This
distance had comparable values in the simulation and X-ray
structures (4.7 and 4.3 A, respectively), while a much longer
distance of 6.3 A is observed in the average NMR structure.
Only two structures in the entire NMR family sample a
contact distance of less than 5.5 A (Figure S3). In contrast
with the D44-R55 pair, the PMF for formation of the F47

R55 contact shows only a single minimum at 5.5 A (Figure
8D). Overall, this suggests that R55 has a much more stable
interaction with F47 than the salt bridge that it forms with
D44.

Simulations of the X-ray Structur&igure S4 shows the
backbone rmsd versus time and rmsd distributions calculated
during the simulation starting from the X-ray structure. The
rmsd is shown relative to the X-ray, NMR, and simulation
(from NMR) structures. After equilibration, the simulation
samples backbone conformations (S4.35) with an average
rmsd relative to the X-ray structure of 1.5 A and remains
quite stable through the 30 ns duration. Overall, there is a
preference to adopt structures comparable to the simulation
structure discussed above rather than the NMR structure (the
rmsd compared to the simulation-equilibrated NMR structure
is 1.5 A less than the rmsd to the original NMR structure).
Individual helices demonstrate comparable preferences for
the X-ray and simulation structures (data not shown). Hence,
the simulations starting from the NMR and X-ray structures
both converge to a common simulation structure that is much
closer to the X-ray structure than the NMR structure.
Experimental Imestigation of the Putate Side Chain
teractions.While simulations can provide a detailed view
of molecule structure and dynamics, many approximations
are involved, necessitating validation through experimenta-
tion. A set of single mutants and double mutants were
prepared to probe the putative side chain interactions
involving D44—R55 and F4#R55 pairs. D44 was mutated
to Asn, F47 to Leu, and R55 to Met. Thermal unfolding
experiments were performed for wild-type HP36 (WT HP36)
and for each of the mutants at pH 5.0 (Figure 9A and Table
1). WT HP36 has a transition midpoiri,) of 73.0°C, while
all the variants exhibit a lower melting temperature. The
values of D44N, F47L, R55M, D44N/R55M, and F47L/
R55M are 57.8, 45.6, 67.3, 55.4, and 35Q3 respectively.

tion structure is a single snapshot, we also investigated theFrom the thermal unfolding curves, at 28, 22% of the

behavior of these contacts as a function of time during the
MD run, observing fluctuations in both cases (Figure 8). In

population of F47L and 40% of the population of F47L/
R55M are unfolded.

both the X-ray and simulation structures, the H-bond distance Urea denaturation experiments were also carried out in
between D44 and R55 is 2.7 A, in contrast with the much 10 mM sodium acetate and 150 mM sodium chloride at 25
longer distance of 7.9 A in the NMR structure. This specific °C to determine the free energy of unfolding. The estimated
contact also samples a range of distances from 6.7 to 11.6free energy for unfoldingXG°y)was 3.22 kcal/mol for WT

A in the family of NMR structures (Figure S3). During the HP36, 2.48 kcal/mol for D44N, 2.19 kcal/mol for R55M,
simulation, this hydrogen bond is broken and re-formed and 1.74 kcal/mol for D44N/R55M (Figure 9B and Table
multiple times, suggesting that a reasonable description of1). The F47L and F47L/R55M mutants were so unstable that
the equilibrium distance distribution has been sampled the native baseline was not observed (Figure 9B) and the
(Figure 8A). We used histogram analysis to calculate the unfolding free energy could not be accurately measured by
potential mean force (PMF) for the pair to quantify the urea denaturation. Thermal and urea denaturation experi-
stability of the contact in the native state. While two free ments showed that F47L and F47L/R55M are partially
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Ficure 8: Time evolution and PMFs of specific contact distances involving (A and C) R55 and D44 and (B and D) R55 and F47. The
distance between R55 and D44 fluctuates throughout the trajectory and shows multiple shallow free energy minima. In contrast, the distance
measuring the contact between R55 and F47 is stable during the entire trajectory, with a single free energy minimum at 5.5 A. The results
indicate that the R55F47 contact is the more stable of these two residue pairs. Error bars are described in Methods.

unfolded in the absence of urea at 5. Previous studies  could be measured. Thus, we extrapolated from the thermal
have shown that TMAO can stabilize partially or completely unfolding data using the Gibbddelmholtz equation:

unfolded proteinsX0). Therefore, the combination of urea T
denaturation and TMAQO stabilization can be utilized to AG°y(T) =AH°(Tm)(1——) -
) o . . T,
estimate the stability of marginally stable proteins. To m
determine the unfolding free energy of F47L and F47L/ AC o[Tm — T+ Tln(l)] (7)
R55M, we performed urea denaturation experiments with P Tm

increasing TMAO concentrations. For F47L, the titration

curves show goc_)d pre- and post-tr_an_sitions _at different change,AC,°. HP36 is small, resulting in a very broad
TMAQ concentrations (Figure 10A). With increasing TMAO jitterential scanning calorimetry (DSC) transition, which
concentrations, the urea denaturation curves shifted to higher,,5kes it very difficult to calculate the heat capacity ac-
urea concentrations. The free energy of unfolding at each curately by DSC. From the literature, the,° of unfolding
TMAO concentration was measurefiG°y ranges from 1.27 g expected to be-0.012 kcal mot! K1 per residue of
kcal/mol in 1.62 M TMAO to 1.67 kcal/mol in 2.50 M protein 61) To a first approximation, thacp° for HP36
TMAO (Table S1). Mello and co-worker$Q) have shown  can be calculated to be 0.43 kcal mbK 2. Another small
that the free energy of unfolding depends linearly on TMAO 41-residue helical protein, the peripheral subunit-binding
concentration. The extrapolateG°, of F47L at 0 M domain, has aAC,° value of 0.43 kcal mott K1 (52),
TMAO was estimated to be 0.52 kcal/mol at 25 (Figure suggesting that the estimate for HP36 is reasonable. To check
10B), which is in reasonable agreement with the value whether the value oAC,° significantly affects the results,
estimated from the thermal unfolding curve. we use heat capacities ranging from 0.30 to 0.70 kcal ol
K1 to calculate theAG°y. F47L/R55M has a measurdg
Unfortunately, the same strategy could not be applied t0 of 35 3°C and aAH°(T;;) of 9.5 kcal/mol, and the resulting
the F47L/R55M double mutant. High TMAO concentrations  calculatedAG®y of F47L/R55M at 25°C ranged from 0.19
are necessary to stabilize the protein for detection of the pre-to 0.28 kcal/mol depending on the valueAt,® that is used
transition, but comparatively high urea concentrations are (Table S2). The value oAG°, estimated from the Gibbs
needed to observe the post-transition. Therefore, it is very Helmholtz equation is in good agreement with the fraction
difficult to find conditions under which full unfolding curves  unfolded determined directly from the fit to the thermal melt.

This calculation requires knowledge of the heat capacity
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Ficure 9: (A) Thermal unfolding curves for WT HP36 and its
mutants and (B) urea unfolding curves for WT HP36 and its
mutants: WT HP36@), R55M (©), D44N (v), D44N/R55M @),
F47L @), and FA7L/R55M [).

The coupling free energy between the D44 or F47 side
chain and the R55 side chaiAAG®couping Was calculated
using eq 8

AAGocoupIingz (AGOWT - AGODoublg - [(AGOSingIe_
AGpoypie T (AG Rssm — AG pounie] (82)

Ficure 10: (A) Unfolding transitions of the F47L mutant in a
mixed urea/TMAO cosolvent monitored by circular dichroism at
222 nm. Urea denaturation in increasing TMAO concentrations
(from left to right, 0, 1.60, 1.88, 2.15, and 2.50 M TMAO). (B)
Dependence of the unfolding free energy on TMAO concentration
for the F47L mutant. Parameters are obtained by fitting urea
unfolding curves at different TMAO concentrations. The straight
line is the result of linear regression to each parameter.

Table 1: Summary of Equilibrium Stability Measurements for WT
HP36 and Its Mutants in 10 mM Sodium Acetate and 150 mM
Sodium Chloride at pH 5.0 and 2%

AH°(T)  AG°y(H20) m (kcal
whereAG°wr andAG°grssy are the free energies of unfolding protein Tm (°C) (kcal/mol) (kcal/mol)  mol*M™1)
for the wild-type protein and the R55M single mutant, wT HP36 73.0 31.8 3.22 —0.52
respectively AG°singie represents that for a D44N or F47L  D44N 57.8 321 2.48 —0.55
single mutants, anAG°pounie Fepresents that for the D44N/  F47L 45.6 15.8 0.52 —0.4%
R55M or F47L/R55M double mutant ROOM 673 263 219 —043

; ) : ) D44N/R55M  55.4 27.4 1.74 —0.44
The relationship can be rearranged to a simpler form:  F470L/R55M 35.3 9.8 0.190.28 not available

coupling ™

AAG® AG’wr = AG’gingle —

AGQRSSM + AGaDouble (8b)

Using the AG°y values (Table 1) measured from experi-

aThe AG°y(HO) values of F47L is extrapolated from urea
denaturation at different TMAO concentratiofisn s the average value
of m from urea denaturation at different TMAO concentratidhshe
AG°y(H20) value of F47L/R55M is calculated from the Gibbs
Helmholtz equation usingC,° values ranging from 0.30 to 0.70 kcal

mol~1 K1,

ments, the coupling free energy between the D44 side chain
and the R55 side chain was close to zero (@:29.20 kcal/
mol). In contrast, the coupling free energy between the F47
side chain and R55 side chain ranged from (470.20 to

DISCUSSION

The explicit water MD simulation starting from the NMR

0.79 &+ 0.20 kcal/mol. The different estimates arise from structure showed a clear preference to sample structures that
using differentAC,° values to calculateAG°pounie The are much more similar to the X-ray structure, as indicated
analysis shows that there is a non-zero coupling betweenby rmsd values, DSSP analysis, packing of the phenyalanine
F47 and R55. core, formation of a C-capping motif on helix 3, and adoption
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of specific contacts between side chains. Double mutant cyclea structure in better agreement with the crystal structure than
experiments were performed and demonstrated clear couplingvith the NMR structure. Thus, there is no evidence that these
between F47 and R55. It is apparent that these residues areesults are an artifact of PME.
not interacting in the NMR structure but appear to do so in  Previous work by van der Spoel and Lindah®) reported
the X-ray structure. On the basis of free energies calculateda series of simulations of the NMR structure of HP36. These
from MD simulations and obtained experimentally through authors noted a modest degree of sensitivity to force field,
double mutant cycles, the F4R55 contact appears to be a water models, and protonation states. In their simulations,
stronger interaction than the proposed salt bridge betweenthey noted larger structure fluctuations in the region con-
D44 and R55. Hence, the van der Waals interaction seen innecting helices 1 and 2 as compared to the rest of the
the X-ray structure appears to play an important role in molecule. This observation is consistent with our results,
stabilizing the solution structure of HP36. The coupling free which indicate this linker as one region in which the
energy between the D44 side chain and the R55 side chainsimulations spontaneously adopt a conformation more con-
is small, only 0.29+ 0.20 kcal/mol. The FA7 side chain sistent with the crystal structure. At that time, there was no
R55 side chain coupling free energy is 0F0.20 to 0.79 way for van der Spoel and Lindahl to determine whether
+ 0.20 kcal/mol. These results are consistent with the this larger fluctuation resulted from a conversion toward the
simulation results showing that the F4R55 interaction is  crystal structure which was reported 2 years later. Impor-
strong and that the stability of the D44R55 pair is lower  tantly, van der Spoel and Lindahl also noted the importance
than the thermal energy. of taking into account the pH of the experiment when running
Previous studies by Frank et al8)(have shown the  simulations of HP36. Upon protonation of the glutamic acids
importance of each phenylalanine in stabilizing the core of side chains in the starting structure, the resulting simulation
the protein. Interestingly, the F47L/R55M double mutant is displayed a greater correlation to the chemical shift and
even less stable than these single Phe mutants, whichl-coupling results which were originally measured at pH 3.7.
suggests that the side chain of R55 also plays a key role inThis further suggests that one must be cautious in the
stabilizing the structure. It is likely that the optimal packing quantitative comparison of simulations at neutral pH to
of the three phenylalanines in the core is enhanced by R55experimental data obtained at low pH.
because it helps to shield the core with its long side chain  |n summary, the results from our simulations and experi-
and also forms a catienr interaction. Cationr interactions ments show that the recently published X-ray structure is a
can be important for folding and thermostability of various more accurate representation of the structure in solution at
proteins and protein ligand systen&3(-55). For the single  neutral pH than the NMR structure at low pH. Importantly,
mutant, R55M, theTr, dropped 6°C in thermal stability,  the simulations also indicated that a salt bridge between R55
showing that more than just a bulky side chain is required and D44 observed in the low-temperature crystal structure
at position 55. In the majority of villin sequences, Lys is was thermally unstable, in contrast to the stable interaction
found as a conservative mutation in place of R56)(This between R55 and F47 in the simulation. Experimental double
suggests that the charge is important for stabilizing the mutant analysis confirmed that the interaction free energy
structure, but as the simulations and double mutant experi-of the salt bridge was small and that the F455 pair likely
ments indicate, the importance of this charge at position 55 plays an important role in stabilizing the protein via a
does not arise from formation of an ion pair with D44 as cation—z interaction. The analysis presented here shows how
observed in the crystal structure. It is worth noting, however, the combination of molecular dynamics simulations and
that in the X-ray structure D44 appears to be involved in a experimental measurements can be used to develop a better

network of interactions, including a hydrogen bond to the understanding of the structural properties of proteins in
backbone carbonyl L42. Backbone side chain interactions so|ution.

cannot be probed by double mutant cycle analysis.

These simulations are models, and as with any model, thereACKNOWLEDGMENT
are limitations, especially in the interpretation of results.
Realistic, detailed simulations come at a high computational
cost that must often be balanced against the need for
obtaining extensive conformational sampling. Computational
models continue to improve; the Amber and CHARMm force
fields have been used extensively enough to identify weak-
nesses 32, 57) such as oyerstak_)ilization of secondary SUPPORTING INFORMATION AVAILABLE
structure elements. In the simulations that we report here,
this type of systematic error might contribute to the extension Summary of the results of the urea denaturation of the
of a-helices that we observed, although we specifically F47L mutant in various concentrations of TMAO (Table S1),
addressed secondary structure bias in our development othe effect of varyingAC,° values on the calculated thermo-
the parameter set that was used for all of the simulations dynamic parameters of the F47L/R55M double mutant (Table
presented here3p). It has also been noted that the use of S2), time evolution and distributions of the heavy atom
PME to calculate long-range electrostatics imposes long- backbone rmsds of the region containing helix 1 (residues
range periodicity that that may result in artifacts from a S43-A49) (Figure S1A), time evolution and distribution of
crystal-like environment58—60). In the case presented here, the heavy atom backbone rmsd of the region containing helix
simulations with two alternate treatments of long-range 2 (residues T54A59) (Figure S1B), heavy atom backbone
interactions (including undesirable direct truncation) provided rmsd versus structure in the NMR family for the regions
essentially the same conclusion, that the simulations adoptcontaining the whole backbone of the protein (residues1.42
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L75), helix 1 (residues S43A49), helix 2 (residues T54 17.

A59), and helix 3 (residues P6F76) (Figure S2), specific

Duan, Y., Wang, L., and Kollman, P. A. (1998) The early stage
of folding of villin headpiece subdomain observed in a 200-

contact distances involving R55 and D44 and R55 and F47
for each structure in the NMR family (Figure S3), a time
evolution and distributions of the heavy atom backbone rmsd
for whole backbone of the protein (residues43) during

the

simulation of the X-ray structure (Figure S4), time

evolution and distributions of the heavy atom backbone rmsd
for the whole backbone of the protein (residues-43)
during the simulation of the NMR structure using a non-
bonded cutoff of 12 A (Figure S5A), and the time evolution
and distributions of the heavy atom backbone rmsd for the
whole backbone of the protein (residues4A) during the
simulation of the NMR structure using an IPS electrostatic
treatment (Figure S5B). This material is available free of
charge via the Internet at http://pubs.acs.org.
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