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ABSTRACT Many small proteins fold highly cooperatively in an all-or-none fashion and thus their native states are well pro-
tected from thermal fluctuations by an extensive network of interactions across the folded structure. Because protein structures
are stabilized by local and nonlocal interactions among distal residues, dissecting individual substructures from the context of
folded proteins results in large destabilization and loss of unique three-dimensional structure. Thus, mini-protein substructures
can only rarely be derived from natural templates. Here, we describe a compact native 24-residues-long supersecondary struc-
ture derived from the hyperstable villin headpiece subdomain consisting of helices 2 and 3 (HP24). Using a combination of
experimental techniques, including NMR and small-angle x-ray scattering, as well as all-atom replica exchange molecular-
dynamics simulations, we show that a variant with stabilizing substitutions (HP24stab) forms a densely packed and compact
conformation. In HP24stab, interactions between helices 2 and 3 are similar to those observed in native folded HP35, and
the two helices cooperatively stabilize each other by completing the hydrophobic core lining the central part of HP35. Interest-
ingly, even though the HP24wt fragment shows a more expanded and less structured conformation, NMR and simulations
demonstrate a preference for a native-like topology. Thus, the two stabilizing residues in HP24stab shift the energy balance

toward the native state, leading to a minimal folding motif.

INTRODUCTION

Over the past two decades, the study of small proteins has
provided us with important insights into the protein folding
mechanism (1-7) supplemented by theoretical concepts of
this mechanism based on the principle of minimal frustra-
tion and the funneled energy landscape (8—10). Examples
include the speed limit of protein folding, the role of folding
cooperativity, and residual structures in the unfolded state.
Many small proteins fold via a cooperative two-state process
and thus their native states are well protected from thermal
fluctuations by a large kinetic barrier forged by an extensive
network of interactions across the folded structure (11-13).
The surprising observation that a relatively simple two-state
model describes the folding mechanism of many small pro-
teins (<100 aa) indicates that high cooperativity could be a
vital attribute of proteins that evolved under natural selec-
tion and might be beneficial for their biological function
(14-16). In turn, because cooperativity increases with size,
short peptides may not be able to fold properly. Those argu-
ments are supported by experimental findings that after
individual peptides (<25 aa) are removed from folded pro-
tein domains (e.g., by protein dissection (17)), they usually
cannot retain their native compact, well-packed confor-
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mation (18). However, rare exceptions with significant
secondary structures are known (19,20). Moreover, the un-
structured conformation of the peptide fragments is due to
large unfavorable entropic penalties for folding (21), and
hence only very few peptides can overcome such a burden.
This means that as the repertoire of sequences increases, the
protein will need a global stabilizing network of local and
nonlocal interactions. Hence, high folding cooperativity
is a logical consequence of the primary importance
of sequence diversity for protein function. Thus, stable,
uniquely folded mini-proteins can only rarely be derived
from natural templates. In addition, the absence of sensitive
experimental techniques makes the search for small, native-
like folded peptide fragments challenging.

One of the best investigated small model proteins is the
35-residues-long villin headpiece subdomain (Fig. 1 A),
which is part of the cytoskeletal multidomain protein vil-
lin (22). Its headpiece domain (HP67) is an actin-binding
domain located at the C-terminus (23). McKnight et al.
(24) found that when the last 35 residues are cleaved off,
they retain their native structure, making this peptide a fold-
able helical subdomain without the need for any cofactor
or disulfide bridges. By designing the villin headpiece
subdomain HP35, Bi et al. (25) found that two amino acid
substitutions in helix 3 result in a dramatic stabilization
of the whole protein, producing a hyperstable protein
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FIGURE 1 (A) Three-dimensional structure of
the villin headpiece subdomain N68H HP36
(PDB 1YRF (51)). The positions of the residues
N68 and K70 are shown in red. (B and C) Fraction
of the native state calculated from single-molecule
force experiments. The black lines are simulations
of a two-state model (solid line) and three-state
model (broken line) based on the parameters
obtained from independent experiments. The data
were taken from Zoldak et al. (26). (D) CD spectra
in the far-UV region. The peptides were dialyzed
in 5 mM sodium phosphate buffer (pH 7.0) at
25°C. For details, see Materials and Methods. (E)
Helical content of HP35 and various truncated var-
iants based on secondary structure analysis of their
CD spectra performed by DICHROWEB (46,47).
(F) Thermal denaturation of HP24stab (red) and
HP24wt (blue) as measured at 222 nm at a scan-
ning rate of 2°C x min~! in 10 mM phosphate
buffer, 2.7 mM potassium chloride, and 137 mM
sodium chloride (pH 7.4). The protein concentra-
tion was 50 uM. The two-state analysis (black
dashed line) results in T, = 54.1 = 0.1°C and
AH,y; = 28 + 1 kJ mol™!. Because of the strong
cooperativity between helix 2 and helix 3, as
demonstrated by the nonadditivity of their helical
contents, an analysis of the thermal denaturation

—
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(~9 kgT vs. ~4 kgT for HP35wt from bulk denaturation
experiments). This N68A/K70M HP35 construct, named
HP35stab (numbered according to the headpiece domain),
showed higher stability against chemical denaturation
as well as mechanical loads in single-molecule force
experiments using optical tweezers (26). These experiments
revealed a difference in folding cooperativity between
HP35wt and HP35stab. Whereas HP35wt is well described
by a highly cooperative all-or-none transition, the folding
transition of HP35 is much broader, indicating the presence
of an equilibrium folding intermediate (Fig. 1, B and C). Our
starting hypothesis was that the folding intermediate seen in
the force experiments with HP35stab (26) should display
sufficiently high stability to be observed upon isolation.
The calculated contour length increase of 6.5 nm indicates
that the intermediate consists of ~17—18 amino acid resi-
dues. Because the stabilizing mutations are located in helix
3, we designed several truncation variants of HP35 contain-
ing helix 3 as a scaffold and investigated them using circu-
lar dichroism (CD), NMR spectroscopy, small-angle x-ray
scattering (SAXS), and theoretical all-atom molecular dy-
namics (MD) simulations. Our results show that the stabiliz-
ing residues in HP35stab shift the energetic balance such
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that a substructure containing the two C-terminal helices
can fold independently, thus defining a minimal villin
subdomain HP24stab. The broad spectrum of methods we
used here provide unique structural insight into the mutual
cooperativity of helices in HP24stab at atomic resolution.

MATERIALS AND METHODS
Materials

Tris, KCI, and EDTA were obtained from AppliChem (Germany), and other
reagents were purchased from Merck (Germany) or Sigma-Aldrich. The
peptides (95% purity) were synthesized by GenScript or Biomatik. The
protein sequences of the peptides were as follows:

helix123wt (HP35wt): LSDEDFKAVFGMTRSAFANLPLWKQQNLK
KEKGLF

helix123stab (HP35stab): LSDEDFKAVFGMTRSAFANLPLWKQQAL
MKEKGLF

helix12: LSDEDFKAVFGMTRSAFANLPLWKQQ

helix23wt (HP24wt): MTRSAFANLPLWKQQNLKKEKGLF

helix23 (HP24stab): MTRSAFANLPLWKQQALMKEKGLF

helix3 (HP15wt): PLWKQQNLKKEKGLF

helix 3stab (HP15stab): PLWKQQALMKEKGLF

helix 2: MTRSAFANLP

The peptides were acetylated at the N-terminus and amidated at the C-
terminus. Before use, they were dialyzed at 4°C against 2 x 1 liter of buffer
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containing 20 mM sodium phosphate, 50 mM sodium chloride (pH 7.5)
using Float-A-Lyzer G2 with a 100-500 Da cutoff (Spectra/Por).

CD experiments

CD experiments were conducted on a Jasco J-815 spectropolarimeter at
20°C using the following parameters: 1 nm bandwidth, scanning speed of
20 nm/min, 1 nm step resolution, 1 s response time, 0.1 cm path cuvette,
and 25 accumulations. The peptides were dissolved in 0.1 M sodium phos-
phate (pH 7.0) and dialyzed overnight in 1 liter of 2 mM sodium phosphate
(pH 7.5). The final concentration was determined by the absorbance at
280 nm (5500 M~'em™') for peptides containing a single tryptophan
residue or at 230 nm for peptides with no tryptophan. Before analysis,
the buffer baseline, measured under otherwise identical conditions, was
subtracted. Heat-induced unfolding transitions were measured in a Jasco
J-815 spectropolarimeter equipped with a PTC 348 WI peltier element at
a peptide concentration of 50 uM in 10 mM phosphate buffer, 2.7 mM
potassium chloride, and 137 mM sodium chloride (pH 7.4) at a heating
rate of 2°C x min~'. The transitions were monitored by the increase of
the CD signal at 222 nm with 2 nm bandwidth and 5 mm path length.
The experimental data were analyzed on the basis of the two-state approx-
imation (Eq. 3 in Mayr et al. (27)) and by assuming zero heat capacity
change. Because of the strong cooperativity between helices 2 and 3, as
demonstrated by the nonadditivity of their helical contents, an analysis of
the thermal denaturation by a one-dimensional helix-coil model would
have been less appropriate.

NMR spectroscopy

Samples of wild-type (wt) and the double mutant N16A/K18M of an
N-terminal-truncated form of chicken villin headpiece (HP24wt; Protein
Data Bank (PDB) 4CZ3) and HP24stab (PDB 4CZ4), respectively)
were prepared for NMR in 20 mM sodium phosphate, 50 mM sodium
chloride (pH 7.5). The peptide concentration was 3 mM and 10% *H,O
was used for the lock. Chemical shifts were referenced internally to the
water frequency (28). Two-dimensional (2D) homonuclear total corre-
lated spectroscopy (TOCSY) spectra with a spin-lock time of 100 ms
and nuclear Overhauser effect spectroscopy (NOESY) spectra with mix-
ing times of 100 and 250 ms were acquired at 298 K and 286 K on a
Bruker AVANCE III 600 MHz spectrometer (Bruker Biospin) equipped
with a 5 mm triple-resonance TXI z-gradient probe. Sequential spin sys-
tems were assigned based on Hy-Hyyi.1) and Hy-Hyi.1) NOE data. Stan-
dard natural abundance '"H-'>C heteronuclear single quantum coherence
(HSQC), 'H-15N HSQC, 5N-R, relaxation, and '’N-R, relaxation
NMR spectra were acquired at 286 K on a Bruker AVANCE III 500
MHz spectrometer equipped with a 5 mm triple-resonance CPTCI
z-gradient probe. '’N-R, relaxation data were recorded using a pulse
sequence optimized for long T, relaxation times (29). R; data were re-
corded for both HP24wt and HP24stab using nine relaxation delay times
(86.4, 162, 248.4, 345.6, 518.4, 669.6, 885.6, and 1144.8 ms). R, data
were recorded for both HP24wt and HP24stab using seven relaxation
delay times (76.7, 153.4, 230.1, 306.8, 383.6, 460.3, and 537 ms). Spectra
were processed using TopSpin version 3.2 (Bruker Biospin) and analyzed
using the Analysis software from the Collaborative Computing Project for
the NMR community (30). Curve fitting of peak intensities to a function
of the type A*exp(-Bx) was performed using the data analysis function in
Ccpn Analysis. Fitting errors were estimated using the covariance error
method. Peaks with substantial overlap were omitted from the analysis.
We calculated the secondary chemical shift by using an in-house-written
script and measuring the difference between the C, chemical-shift devi-
ation from random coil and the Cg chemical-shift deviation from random
coil. To obtain temperature coefficients, we recorded a series of 'H-'>C
HSQC and 'H-'N HSQC spectra between 278 K and 343 K at 5 K
increments.
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Structure calculation

The structures of HP24wt and HP24stab were modeled and refined using
CYANA 2.1 (31) from 100 initial randomized structures. Volumes of
1647 crosspeaks were determined from 2D NOESY spectra of HP24stab
at 286 K and 298 K, resulting in a total of 558 upper-limit distance re-
straints. Volumes of 474 crosspeaks were determined from 2D NOESY
spectra of HP24wt at 286 K and 298 K in 95% H,0/5% *H,0, resulting
in a total of 260 upper-limit distance restraints. For HP24stab, a total of
20 backbone dihedral angles and five x; angle constraints were generated
by TALOS-N (32) and added during the structure refinement. For
HP24wt, a total of five backbone dihedral angles and seven x; angle con-
straints were generated by TALOS-N and added during the structure
refinement.

An ensemble of the 20 lowest-energy structures was then further refined
in explicit water solvent using the RECOORD scripts for the software
program CNS (33). The overall quality of the final structures was validated
using the iCing webserver (34).

SAXS

All SAXS data were recorded on an in-house SAXS instrument (SAXSess
mc2; Anton Paar, Graz, Austria) equipped with a Kratky camera, a sealed
x-ray tube source, and a 2D Princeton Instruments PIeSCX:4300 CCD
detector (Roper Scientific, Sarasota, FL). The scattering patterns were
measured with a 180 min exposure time (1080 frames, each 10 s) for several
solute concentrations in the range of 3-8 mg/ml. Radiation damage was
excluded based on a comparison of individual frames of the 180 min expo-
sures, where no changes were detected. A range of momentum transfers
of 0.012 < s < 0.63 A~' was covered (s = 4x sin(#)/A, where 20 is the
scattering angle and A = 1.5 A is the x-ray wavelength).

All SAXS data were analyzed with the package ATSAS (version 2.5).
The data were processed with the SAXSQuant software (version 3.9) and
desmeared using the programs GNOM (35) and GIFT (36). The forward
scattering, 1(0), radius of gyration, Ry, maximum dimension, Dy, and
interatomic distance distribution functions, P(R), were computed with the
programs GNOM and GIFT. The masses of the solutes were evaluated by
comparison of the forward scattering intensity with that of a human serum
albumin reference solution (molecular mass 69 kDa). The protein shapes
were determined using the ab initio shape determination program DAMMIF
(37). A total of 10 shapes were calculated and the averaged model was built
using DAMAVER (38).

MD simulations

All simulations were performed with the GROMACS 4.5.3 software pack-
age (39). The force field AMBER99sb-ildn (40) was used for all peptide
simulations. This force field is widely used in peptide and protein simula-
tions, and long simulations on different types of proteins and peptides
show good agreement with NMR-derived parameters for peptide conforma-
tion and dynamics (40). To generate the starting structures for HP24wt and
HP24stab, a crystal structure of the entire villin headpiece (PDB code:
1YUS (23)) was truncated to the residues M53-F76 (villin53-76, sequence:
MTRSAFANLPLWKQQNLKKEKGLF). The mutations (Asn-68 to Ala-
68, and Lys-70 to Met-70) were then introduced in silico by using the Muta-
genesis Wizard of PyMol (41) and selecting the best-fitting rotamers. The
systems were solvated in TIP3P water molecules (42) in a box with dimen-
sions of (56 x 56 x 56) A>. Sodium and chloride ions were used to
neutralize the system and to mimic experimental conditions. The total sys-
tem size was 17,455 atoms and 17,464 atoms for HP24wt and HP24stab,
respectively. Both setups were minimized for 50,000 steps. For temperature
replica-exchange MD (T-REMD) simulations, we generated 21 replicas
of the minimized structure and then equilibrated them in the isobaric-
isothermal ensemble for 150 ps at a constant pressure of 1 bar. We
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calculated the temperatures for each replica (listed in Table S2 in the Sup-
porting Material) using a method proposed by Patriksson and van der Spoel
(43). During the equilibration process, we restrained the peptides to the
crystallographic structure by applying harmonic potentials with a force con-
stant of 1000 kJ mol ' nm 2 Unrestrained production runs were started for
a total simulation time of 200 ns in each replica for both peptides. An ex-
change of replicas was attempted every 1 ps, which resulted in exchange
acceptance rates of roughly 35% between neighboring replicas. We ensured
convergence of the replica-exchange simulations by calculating the ratio of
occupancy of each replica for all temperatures (Tables S3 and S4). Cluster
analysis of the sampled conformations was performed based on the method
of Daura et al. (44) as implemented in the GROMACS 4.5.3 software pack-
age. Clusters were defined by the number of neighbors within a root mean-
square deviation (RMSD) cutoff of 0.2 nm, and the structure with the most
neighbors was taken to represent the most frequently occurring cluster. All
structures belonging to this cluster were then eliminated from the pool and
the procedure was repeated for the next cluster (44).

Umbrella sampling (US) simulations were performed using the center-of-
mass end-to-end distance between the first and last residues as the reaction
coordinate. A harmonic distance-dependent penalty potential with a force
constant of 240 kJ mol ~" nm ™~ was used with a reference distance that varied
between 1.2 nm and 2.7 nmin steps of 0.1 nm. Distance distributions for each
window were obtained from 40 ns simulations per window, resulting in a total
simulation time of 640 ns. The weighted histogram analysis method was used
to calculate an associated potential of mean force (45).

RESULTS

Design and secondary structure content of the
truncated HP35 variants

HP35 consists of three helices (helices 1-3; Fig. 1 A). In our
first construct, we removed helix 1 from HP35wt and
HP35stab, yielding HP24wt and HP24stab (Fig. 1 D) (26).
We determined the helical content of the constructs from
the analysis of far-UV CD spectra using DICHROWEB
(Fig. 1 E) (46,47). For the wt background, deletion of residues
corresponding to helix 1 in HP35 (residues 42-54; Fig. 1 A)
resulted in a dramatic decrease of helicity, and the corre-
sponding fragment, HP24wt, seemed to be largely in the
unfolded conformation. In contrast, the HP24stab fragment,
containing N68A/K70M residues, retained high helicity
42% =+ 4%). Thus, the two residues in helix 3 stabilized
this peptide fragment significantly, as we also confirmed by
thermal denaturation experiments (Fig. 1 F). Thermal dena-
turation of HP24stab showed a very broad transition (red
curve in Fig. 1 F) spanning 5-105°C. A two-state analysis
of the thermal denaturation curve gave a melting temperature
T of ~54°C and a van’t Hoff enthalpy of denaturation
AHp = 27 kJ mol ! at T Assuming a zero heat capacity
change upon denaturation, the unfolding free energy at
20°C is ~2.9 kJ mol™". In contrast, the HP24wt variant
showed no thermal transition (blue curve in Fig. | F).

To dissect the individual contributions of the N68A and
K70M, we measured the helical content of HP24 N68A
and HP24 K70M. Both residues showed a similar increase
in helicity (~15% and 20% for HP24 N68A and HP24
K70M, respectively), which in combination yielded approx-
imately the helical content of the double mutant HP24stab.
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Hence, both stabilizing residues contributed roughly equally
to the high helicity of the villin fragment. We also investi-
gated the effect of helix 2 stability on the helicity of
HP24stab (Fig. 1 E). When a flexible glycine residue was
introduced, HP24stab destabilized dramatically and helical
content decreased to 3%. The HP24stab F58G construct
showed the typical spectrum of an unfolded peptide, which
indicates that even though two stabilizing residues in helix 3
are present, destabilization of helix 2 results in a significant
reduction of the helical structure.

Next, we removed residues corresponding to helix 2 in
HP35 (residues 53-61; Fig. 1 A) from HP24, yielding the
HP15wt and HP15stab constructs. A secondary structure
analysis of these fragments (consisting essentially of the res-
idues of helix 3) showed low helical content (6% and 3% for
HP15wt and HP15stab, respectively). Intuitively, this result
is expected for the wt background, but the low helicity of
HP15stab is remarkable because the HP24stab fragment is
highly helical and the two stabilizing residues are located
within helix 3. Importantly, helix 2, which is the same in
both backgrounds, shows a helicity of 4.7%. A plausible
explanation is that in HP24stab, helix 3 interacts with helix
2 and thus both helices cooperate and stabilize each other,
possibly in a similar way as in the native state. From the
CD data, however, it is unclear whether these helices
achieve a native-like fold or are engaged in a nonnative
geometry with an eventually shifted pairing register. To
address this issue, we undertook a detailed structural anal-
ysis using NMR spectroscopy and SAXS.

Conformational analysis of HP24 by NMR
spectroscopy and SAXS

The natural-abundance 'H-'>N HSQC NMR spectra of
HP24wt and HP24stab show good signal dispersion, as
expected for folded proteins (Fig. 2 A). We observed large
chemical-shift differences between HP24wt and HP24stab,
indicating structural rearrangements. 1H, 13 C, and 15N chem-
ical shifts of both forms were assigned using a combination of
homonuclear (TOCSY and NOESY) and natural-abundance
heteronuclear experiments ("H-'3C/">N HSQC) recorded at
286 K. Differences in secondary structure derived from '*C
secondary chemical shifts are shown in Fig. 2 B. Overall,
the secondary structure content is low in HP24wt, except
for an «-helix between W64 and Q66. The N68A/K70M res-
idues shift the '*C secondary chemical shifts toward more
positive values and thus stabilize the a-helical conformation
between residues L63 and K73 (Fig. 2 B). The stabilization of
secondary structure can also be seen from the appearance of
the NMR spectra and relaxation data (Supporting Material).
The R, relaxation rates are of the same order for both forms,
with somewhat higher values for HP24stab. Higher R, relax-
ation rates extend farther toward the N-terminus in the double
mutant form, indicating a more stable structure in this region
compared with the wt.
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FIGURE 2 (A) 'H-" N HSQC NMR spectra of HP24wt (blue) and
HP24stab (red) of HP24 at 286 K. The tryptophan side-chain crosspeaks
are shown as inlay and key residues are labeled. (B) SAXS data showing
a comparison of the experimental radial density distributions of HP24wt
and HP24stab. (C) Secondary chemical shifts for HP24wt (blue) and
HP24stab (red). (D) Overlay of the lowest-energy NMR structures of
HP24wt (blue) and HP24stab (red); core residues from both structures
are highlighted in the right panel. (E) Upper panel: lowest-energy structures
(cartoon) of HP24wt and HP24stab; F58 and M70/K70 are shown as sticks.
Lower panel: overlay of the residues in the hydrophobic core of HP24wt
and HP24stab. To see this figure in color, go online.

Rotational correlation times (7.) derived from the R,/R;
ratios show that HP24stab is less dynamic (higher 7.) than
HP24wt, as expected for a compact and tightly packed
conformation. Temperature coefficients for amide protons
and Ha also support an extended and stable a-helix in
HP24stab, with overall higher temperature coefficients and
thus higher hydrogen-bond stability in this region compared
with the wt (Fig. S4). This is in further agreement with the
SAXS data. The radial density distributions show a clear
difference between HP24wt and HP24stab. Whereas the
wt protein shows an extended shape due to the higher degree
of structural disorder (D,,x = 37 A, R, =12 A), the mutant
protein is more compact, showing a P(R) typical of a glob-
ular protein (Dy.x = 28 A R, =10 A; Fig. 2 B). Based on
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the NOE-based distance and angular restraints, we deter-
mined the structural ensembles of HP24stab and HP24wt
with backbone RMSDs to the mean structure of 0.38 and
1.44 A, respectively (for details and structural statistics,
see Table S1 and Fig. S1). In contrast to HP24stab, the wt
structural ensemble is less well defined at the N- and C-
termini, as reflected by the higher RMSD in these regions
(see Fig. S1). This is due in large part to a paucity of
NOE data for residues of the termini. In addition, no reso-
nance assignments are available for S56 and K70. In this
respect, it is likely that N- and C-termini form less stable
structures in the wt than in the double mutant. However,
the relaxation data (Figs. S2 and S3) do not seem to suggest
that these regions are completely flexible, as might be in-
ferred from the low convergence in the ensemble of struc-
tures. Given that these residues are extensively broadened,
we conclude that they must undergo conformational ex-
change on the millisecond—microsecond timescale, which
in turn would prohibit detection of NOEs.

In contrast to the double mutant, the first six and last five
residues of HP24wt show poor structural convergence
compared with the core region (residues 59-70). In this
ensemble, a single, shorter a-helix appears between residues
64 and 69. Not only are there fewer restraints available for
the wt, but they seem to be clustered in the core region of
the peptide. F58, although well defined in the hydrophobic
core of the peptide, does not appear to stabilize K70. Due
to the lack of assignments for residue K70, no NOEs were
found between these two residues (see Supporting Mate-
rial). Two distinct a-helices (one between residues 56 and
61, and one between residues 64 and 74) are formed. The
methyl group of M70, one of the mutations, is positioned
in the hydrophobic core of the peptide and is potentially sta-
bilized by the aromatic ring of F58 (Fig. 2 D).

The conformational analysis by NMR gave us a picture
of a highly dynamic ensemble of interconverting structures
in the case of HP24wt and a relatively stable, native-
like conformation in the case of HP24stab. However, the
origin of the higher thermodynamic stability of HP24stab
remained unclear. Therefore, to study the structure-ener-
getics-dynamics relationship at atomic resolution, we per-
formed computational simulations.

T-REMD simulations of HP24wt and HP24stab

We employed MD simulations to study the dynamics and
thermodynamics of HP24wt and HP24stab. To improve
the sampling of possible conformational states, we con-
ducted T-REMD in explicit solvent (Tables S2-S5). Simula-
tions were started from the known experimental villin
structure (PDB 1YUS) after truncation of the N-terminal
residues and in silico generation of the N68A/K70M muta-
tions. The T-REMD simulations were extended up to 200 ns
in each of 20 replicas (temperature range 298-342 K),
resulting in a total simulation time of 4 us. For both the
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HP24stab and HP24wt fragments, a variety of conforma-
tions were sampled with an RMSD from the starting struc-
ture ranging from 0.2 (close to starting structure) to 0.8 nm
(unfolded or partially folded conformations). The fraction
of conformations close to the starting structure (within an
RMSD of 0.2 nm) was significantly larger in the HP24stab
variant than in the wt fragment (Fig. 3, A and B). The fluc-
tuation and shift of residues along the protein chain was also
larger for the HP24wt compared with the HP24stab variant
in the T-REMD reference run (Fig. S6). If one considers
conformations with RMSD < 0.3 nm as folded, one can es-
timate a difference of folding free energies for mutant versus
wt of 4 kJ/mol based on the population along the RMSD co-
ordinate. The NMR analysis of the wt and mutant fragments
indicated a core part of the wt and mutant fragment with
a defined structure (residues 53-71). The majority (90%)
of sampled states during the simulations agreed with the
NMR-derived structures, with an RMSD of <0.25 nm for
residues 53-71 that were well defined in the NMR analysis
(Supporting Material). Similar results were obtained using
Hamiltonian REMD simulations (Supporting Material).
Most of the conformational differences of the sampled states
are due to the terminal segments that unfold partially or
completely. A cluster analysis (see Materials and Methods)
was used to identify frequently occurring conformations of
both peptides throughout the trajectory.

Analysis of conformational clusters indicates that the
most populated clusters still retain the overall folded back-
bone conformation of the central peptide segment (Fig. 3, C
and D) (44). Notably, a contact between M70 and F58 is
largely preserved in the most populated clusters of the
mutant, forming part of a hydrophobic core region. In
contrast, the corresponding K70 side chain in HP24wt is
extruded from the core and is highly solvent exposed
(Fig. 3 E). The contacts between M70 and F58 stabilize a
hydrophobic core better than in the case of HP24wt.
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To quantitatively estimate the free-energy difference be-
tween these two constructs, we performed US simulations
to unfold the peptides along the end-to-end distance be-
tween the first and last residues (see Materials and Methods
for details). Comparisons of the free-energy profiles indicate
alarger free energy of unfolding of the mutant by 5 kJ mol
compared with the wt, in accordance with the results from
the T-REMD. For the mutant, we observed a metastable
intermediate with ~18 kJ mol~' higher free energy than
the folded form, showing a partially helical C-terminus,
whereas we observed no intermediates for the wt along
this unfolding path. However, presumably due to its higher
energy (instability) and low barrier (~1 kJ mol™") along the
reaction coordinate, such an intermediate was not observed
in forced unfolding experiments. Hence, in accordance with
the NMR analysis, US suggests a higher stability as well as a
higher helicity for HP24stab.

DISCUSSION
A minimal headpiece subdomain, HP24stab

The discovery of the very stable and compact 35-residues-
long villin headpiece subdomain has triggered intensive
theoretical and experimental investigations (6,24-26,48—
68). This subdomain has been used frequently as a test sys-
tem for folding simulations in explicit solvent (3,48,57) and
also for successful stable folding in an implicit solvent (69).
The headpiece subdomain does not require additional metal
ions or disulfide bridges to fold stably and exhibit a cooper-
ative thermal unfolding transition. The small size of HP35
raised a fundamental question: how small can a stable struc-
ture be? Subsequently, a number of even shorter uniquely
folded mini-proteins were found, as exemplified by Trp-
cage and Betanova, each consisting of only 20 aa residues
(70,71). Interestingly, further attempts to prepare smaller

A 600 4 HP24wt c
— RMSD HP24wt
m Clustert
% i - 8:32{:2 FIGURE 3 (A and B) RMSD distribution of
§ Cluster4 reference replica at 298 K of the HP24wt (A) and
38 HP24stab (B) with respect to the folded equili-
200 E S5 (M70) - CE(F58) brated structure. Smaller RMSD values correspond
— to conformations closer to the starting structure,
0 | , 1000 NE(K70)-C&(F58)  and higher RMSD values indicate unfolded
00 02 04 06 08 10 or partially unfolded conformations. Distribution
B RMSD (nm) D " regimes occupied by one particular cluster are
IS 1 colored in shades of gray according to their impor-
= gray g p
600 1 HP24stab HP24stab 8 500 tance. Cluster analysis was performed according to
— RMSD ] .
m Cluster1 p the method of Daura et al. (44) using an RMSD
@ 400 = 8}32}23 ,\\.\_’5 @/4-9 cutoff between cluster centroids of 0.2 nm (see
% Clusterd N 1 mnm Materials and Methods). (C and D) Overlay of
o 0-1—'&'."—*#%‘ the representative structures of the 10 most popu-
2007 - 0 =20 0 lated clusters. (E) Distribution of the interatomic
Interatomic Distance (nm) . N
distances between individual atoms from the refer-
0 Overlay of 10 structures ence replica. To see this figure in color, go online.
00 02 04 06 08 10
RMSD (nm)

Biophysical Journal 108(3) 678—686



684

thermodynamically stable folding units from HP35wt have
failed. In isolation, the peptides corresponding to the resi-
dues of helices 1-3 of HP35wt are highly flexible and less
structured, showing a transient residual structure with few
native-like, long-ranged contacts (6,50,54,68). However,
none of these peptide fragments show a compactly packed,
unique core structure, and none resemble a well-folded pro-
tein. Here, we show that two stabilizing point mutations are
sufficient to derive the shorter and well-packed, uniquely
folded native-like motif, HP24stab. This 24-residues-long
peptide displays the typical characteristics of folded pro-
teins: it is very compact, is densely packed with numerous
local and nonlocal side-chain interactions, and has a well-
defined, dispersed NMR spectrum, which makes it possible
to determine its three-dimensional structure. Most of the
average interatomic distances calculated from NMR exper-
iments are in excellent agreement with the distances
from the reference replica of the T-REMD simulations
(Fig. S5). Moreover, the simulations allowed us to estimate
a folding free-energy difference of ~4-5 kJ/mol between
HP24stab and HP24wt, which compares well with the
~3 kJ/mol free energy of denaturation obtained from the
thermal melting curve. There are mechanistic explanations
for the higher stability of HP24stab: 1), HP24wt shows a
significant residual structure with native topology and it
does not behave like random-coil; 2), the Ala mutation at
residue 68 increases the helical propensity of helix 3;
and 3), the hydrophobic core is stabilized by side-chain in-
teractions between M70 and F58. Below, we discuss these
three contributions in more detail.

1. Even though the CD spectrum of HP24wt shows a
very characteristic random-coil-like spectrum, the NMR
data unambiguously point to the presence of two very short
helices connected by a rigid loop within the central part of
HP24, which could be described as a residual structure in
the unfolded state of HP35wt. The presence of residual
structure in other truncated variants (helices 1 and 2) was
also observed in previous studies (6,20,50,54,68), and thus
the central part of HP35 plays a crucial role in local struc-
turing of the unfolded state. Our NMR relaxation data
show that the helices have very flexible ends but are not fully
unstructured, which can be interpreted by means of a
diffusing boundary model (72) of two transiently stable he-
lices. Thus, these results indicate that the rigid central part
of HP24wt serves as a nucleating scaffold, and possibly a
few stabilizing interactions can easily shift the balance
toward the native state. The native-state bias is also clearly
observed in the ensemble of conformations generated by
REMD simulations: the overlay of the representative struc-
tures of the top 10 most represented clusters shows a clear
native topology (Fig. 3, C and D). The large native-state
bias and the presence of residual structure also have impli-
cations for our understanding of protein energetics and
protein design. In particular, long-ranged charge-charge in-
teractions can significantly modulate the residual structure
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in the unfolded state, as exemplified by the recent rational
design of HP35 (73). The structural bias toward the native
state is in line with the funneled energy landscape and the
minimum frustration principle (8,10,74).

2. Of all amino acids, alanine has the highest intrinsic he-
lical propensity (75), and its helix-stabilizing properties help
to orient the side chain of M70 toward the hydrophobic core
created mainly by L61 and F58. The close proximity of M70
and F58 in HP24stab is seen in MD simulations (Fig. 3 E)
and indicated by the presence of NOE signal between
them. In contrast, the side chain of K70 in HP24wt is
expelled from the hydrophobic core because the desolvation
penalties are very large, which likely destabilizes the inter-
face between helices. The high mobility and solvent acces-
sibility of the side chain of K70 in HP24wt is nicely seen in
the MD simulation (Fig. 3 E) and evidenced by the absence
of an NOE signal between K70 and F58.

Comparison between the mechanical folding
intermediate and HP24stab

Single-molecule force experiments on the hyperstable villin
headpiece subdomain have required investigators to postu-
late an unfolding intermediate populated under load (26).
This intermediate was estimated to consist of 17 residues
with a folding free energy of ~10 kJ/mol. In this work, we
found that the truncated HP24stab peptide, which likely re-
sembles the core of the unfolding intermediate, has a much
lower folding energy of 3 kJ/mol. A possible reason for the
large difference in the folding free energies may lie in the
model-dependent extrapolation used in force experiments,
which provided only a rough estimate. We can also specu-
late that the effects of the subdomain interface and the
sequential backbone-backbone interactions between a
partially stretched helix 1 and the folded part of helices 2
and 3 were largely underestimated (as we previously
assumed them to be negligible).

Cooperativity in protein folding and stable folded
substructures

In general, the folding and unfolding of small natural pro-
teins are highly cooperative and are often well described
by a two-state model. Because of the high folding coopera-
tivity, removing the subparts from the context of folded pro-
teins often results in their complete unfolding. Thus, it is
difficult to design small, stable protein building blocks
from natural templates. To date, only a few native-like
supersecondary substructures are known. The discovery of
new stable substructures is of great importance (76), not
only for elucidating the folding process, but also for fabri-
cating protein nanostructures with custom-built geometries.
The sparse number of stably folded substructures may also
be due in part to the absence of a suitable experimental
signal, which makes such substructures hard to detect using
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conventional techniques. On the one hand, some experi-
mental probes (e.g., tryptophan fluorescence) are dependent
only on their local environment, and on the other hand, some
global probes (CD in the peptide region) are often not sen-
sitive enough and the presence of stable substructure is
easily overlooked. Single-molecule force spectroscopy is
a superb method for detecting stable substructures because
the force-extension curves contain information about
the folding free energies and changes in the end-to-end
distance.

CONCLUSIONS

Our study of HP24stab was motivated by single-molecule
force spectroscopy results that showed a deviation of the
HP35stab variant from a two-state model, indicating the
presence of a discrete folding intermediate (26). The struc-
tural methods and MD simulations we employed confirmed
the presence of stable substructures and unraveled the mo-
lecular mechanisms that stabilize this folding intermediate,
leading to the discovery (to our knowledge) of a stable
supersecondary motif.

SUPPORTING MATERIAL

Supporting Materials and Methods, six figures, and six tables are avail-
able at http://www.biophysj.org/biophysj/supplemental/S0006-3495(14)
04750-X.
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