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ABSTRACT: Villin-type headpiece domains are ~70 residue
motifs that reside at the C-terminus of a variety of actin-
associated proteins. Villin headpiece (HP67) is a commonly
used model system for both experimental and computational
studies of protein folding. HP67 is made up of two subdomains
that form a tightly packed interface. The isolated C-terminal
subdomain of HP67 (HP3S) is one of the smallest autono-
mously folding proteins known. The N-terminal subdomain
requires the presence of the C-terminal subdomain to fold. In
the structure of HP67, a conserved salt bridge connects N- and

C-terminal subdomains. This buried salt bridge between residues E39 and K70 is unusual in a small protein domain. We used
mutational analysis, monitored by CD and NMR, and functional assays to determine the role of this buried salt bridge. First, the two
residues in the salt bridge were replaced with strictly hydrophobic amino acids, E39M/K70M. Second, the two residues in the salt
bridge were swapped, E39K/K70E. Any change from the wild-type salt bridge residues results in unfolding of the N-terminal
subdomain, even when the mutations were made in a stabilized variant of HP67. The C-terminal subdomain remains folded in all
mutants and is stabilized by some of the mutations. Using actin sedimentation assays, we find that a folded N-terminal domain is
essential for specific actin binding. Therefore, the buried salt bridge is required for the specific folding of the N-terminal domain
which confers actin-binding activity to villin-type headpiece domains, even though the residues required for this specific interaction

destabilize the C-terminal subdomain.

illin is an actin bundling protein found in the brush border
microvilli located at the apical surface of the cells that
compose the gastrointestinal and renal absorptive epithelium.
It contains two actin binding sites, one of which is contained in
the C-terminal “headpiece” domain."* Headpiece domains are
structurally and functionally independent modular domains.®
They are compact motifs containing ~70 residues. Villin headpiece
(HP67) is 67 residues in length and contains two subdomains, an
N-terminal subdomain (P10—H41) and a C-terminal subdomain
(L42—F76), that folds independently from the N-terminal
subdomain.’ Residues responsible for actin binding are found
in both subdomains.*”” Buried within the continuous hydro-
phobic core between the N- and C-terminal domains of HP67 is a
salt bridge between E39 and K70 (Figure 1). This buried salt
bridge is a highly conserved feature among essentially all known
headpiece domain sequences. The presence of a buried polar
interaction is unusual for a protein of this small size. It has been
shown that as the size of a protein decreases, the probability of a
charged group being buried in the hydrophobic core also
decreases.
Despite its small size and continuous hydrophobic core,
in vitro studies have shown this small protein exhibits multistate
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Figure 1. Buried salt bridge in HP67. (a) Ribbon representation of the
crystal structure of HP67 (1YUS). The C-terminal subdomain is colored
in light green, and the N-terminal subdomain is colored in light blue.
Side chains of the buried salt bridge residues, glutamate 39 and lysine 70,
are highlighted in red and blue, respectively. The buried histidine residue
in the N-terminal subdomain is shown in yellow. (b) Space-filling
representation using van der Waals radii. (c) Solvent accessible surface
showing burial of E39, H41, and K70.

Received:  December 21, 2010
Revised: March 30, 2011
Published: March 30, 2011

3706 dx.doi.org/10.1021/bi1020343 | Biochemistry 2011, 50, 3706-3712



Biochemistry

unfolding. First, the less stable N-terminal subdomain unfolds,
followed by the thermostable C-terminal subdomain.” Indeed,
the C-terminal subdomain is stable as an isolated 3S-residue
peptide (HP35)."° Linking the two subdomains within the
continuous hydrophobic core is the highly conserved buried salt
bridge between E39 in the N-terminal subdomain and K70 in the
C-terminal subdomain.

Previous studies have shown that histidine 41, which is buried
in the hydrophobic core of the N-terminal subdomain, acts
as a pH-dependent unfolding switch.”'"'* Protonation of H41
results in unfolding of the N-terminal subdomain while the
C-terminal subdomain remains folded. Mutation of H41 to
tyrosine (H41Y) eliminates the sequential pH-dependent un-
folding of the N-terminal subdomain and stabilizes the C-term-
inal subdomain.” Despite the increase in overall stability, the
H41Y mutant still exhibits multistate unfolding, with unfolding of
the N-terminal subdomain preceding the C-terminal subdomain.”

Salt brid%es in proteins can be energetically favorable or
unfavorable.*~'® If the salt bridge is primarily solvent accessible,
its contribution to stability may be small. If the salt bridge is
largely inaccessible, its contribution can be large."”*® In a
statistical analysis of salt bridges in proteins, Sarakatsannis and
Duan have shown that the most frequent percentage solvent
accessible surface area (PSASA) for salt bridges is greater than
20% with a maximum at 32%.%' Using their criteria, the salt
bridge in HP67 is much more buried than the average salt bridge
with only 2.3% PSASA. Another trend noted by these authors
and others'” is that, by far, the most common separation for
partners involved in salt bridges was four residues (e.g., one turn
of at-helix), where as the residue separation in HP67 is 31. Thus,
while most salt bridges in proteins are very local in the sequence,
whether buried or exposed, the salt bridge in HP67 involves
residues widely separated in the primary sequence.

In addition to their role in protein stabilization, salt bridges can
provide specificity for a unique fold.*>"* There are a limited number
of orientations for favorable charged residue packing. In terms of
achieving energetically equivalent structures, packing of hydropho-
bic residues is generally less stringent. Structural specificity provided
by a salt bridge can result in the proper formation of a discrete
protein fold resulting in the proper ligand binding surface.'>'>*>>*

To investigate the role of the highly conserved buried salt
bridge in HP67, we created a series of mutants that targeted the
E39—K70 interaction. These mutants include replacement of
both of residues of the salt bridge with flexible, hydrophobic
methionine residues, single residue replacements, and a double
mutant which swapped the partners of the salt bridge. We used
NMR to assay the structure, circular dichroism spectroscopy
(CD) to measure the stability, and actin sedimentation assays to
determine the effect on the biological function of these mutants.
We find that the wild-type salt bridge is absolutely essential for
folding of the N-terminal subdomain, and no mutations were
tolerated. The salt bridge is not essential for the C-terminal
subdomain fold. Sedimentation assays reveal that none of the
mutants exhibited significant actin binding activity. Thus, proper
folding of the N-terminal subdomain is essential for activity.
Furthermore, the headpiece—actin binding energy is insufficient
to fold the N-terminal subdomain.

B EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of Proteins. The
HP67- and H41Y-containing pET24a vectors used for cloning

and expression of the salt bridge mutants have been previously
described.>"" They encode the last 67 residues of villin head-
piece (HP67) corresponding to residues 760—826 of chicken
villin. All salt bridge mutants were made with the QuikChange
mutagenesis kit (Stratagene). Pairs of primers were designed to
mutate: E39M, E39K, K70M, and K70E. All mutations were
confirmed by DNA sequencing. All constructs were expressed
in Escherichia coli BL21(DE3) cells (Novagen) as described.’
Labeling with "N isotope was accomplished as described by
Marley et al.** Protein concentrations were determined by absor-
bance at 280 nm using extinction coefficient of 5690 M~ " cm ™
(6990 M ' em ™! for the H41Y constructs).>® Supervillin head-
piece was a gift from Jeffrey W. Brown.>

F-actin was purified from chicken pectoral muscle using
standard procedures and stored dialyzing against F-buffer (10 mM
TRIS, 1 mM MgCl,, 100 mM NaCl, 0.1 mM ATP, 0.2 mM DTT,
3 mM NaNj3, 0.1 mM CaCl,, pH 8.0) at 4 °C.”*’

Nuclear Magnetic Resonance (NMR) Spectroscopy. All
NMR experiments were conducted on a Bruker DMX 500 MHz
spectrometer. All samples were prepared in 10% D,O containing
10 mM sodium phosphate at pH 7, uncorrected for the effects of
D,0. Chemical shifts were referenced to trimethylsilylpropionic
acid. One-dimensional NMR spectra were acquired using Watergate
pulse sequences to suppress water.”® For '*N-heteronuclear single
quantum coherence (HSQC) spectra, protein concentrations were
~1 mM, and all spectra were taken at 25 °C with 128 t1 increments
0f 2048 data points. The data were processed using NMRPipe” and
analyzed in NMRView.*

Circular Dichroism (CD) Spectroscopy and Unfolding
Experiments. CD spectra were acquired on an Aviv 62DS
spectrometer equipped with a Peltier temperature controller
and automated titration apparatus. A 10 mm path length cell
was used for all CD experiments. Wavelength spectra are the
average of three scans of 20 uM protein in 10 mM phosphate
buffer, pH 7, from 200 to 250 nm with an averaging time of 20 s
at each wavelength in 1 nm steps at 25 °C. For thermal, GuHC],
and urea denaturation experiments the CD signal was monitored
at 222 nm. Thermal denaturation was carried out from 20 to 98 °C,
with 2 deg increments, and protein concentrations of S 4M in
10 mM phosphate buffer, pH 7.0. The first derivative of the
smoothed thermal unfolding data was used to determine the
T,, value.

GuHCI and urea unfolding experiments were performed with
a titrator unit interfaced with the spectrometer at 25 °C and
protein concentrations of 10 #M in 10 mM phosphate buffer at
pH 7.0. Urea unfolding was done in the same buffer at pH 6.5.
Concentrations of urea and GuHCI were determined from the
refractive index of the solution.®’ Concentrations of urea and
GuHCI increased from 0 to 9.8 M and 0 to 8.5 M in 0.2 M
increments, respectively. To determine thermodynamic para-
meters AG®, C,,, and m values, chemical denaturation curves
were fit as described by Santoro and Bolen®* with Origin 6.0
(Microcal Software, Inc., Northampton, MA).

Actin Sedimentation Assays. Actin sedimentation assays
were performed at 4 °C as previously described with 15 uM
F-actin and 0—200 #M headpiece domain.”"? After incubation
for 1 h in F-buffer (10 mM TRIS, 1 mM MgCl,, 100 mM NaCl,
0.1 mM ATP, 0.2 mM DTT, 3 mM NaNj, 0.1 mM CaCl,, pH
8.0), the binding reactions (50 uL) were spun at 100000 for 1 h
and the supernatants were decanted. Pellets were washed with
48 uL of F-actin buffer and then resuspended in 48 uL of 7%
acetic acid. Samples were stored at —20 °C. The bound protein
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concentrations in the actin pellets were determined by UV
quantitation during reverse phase high-performance liquid chro-
matography (HPLC).>* A C18 column (Vydac) 4.6 x 200 mm
was run at 1 mL/min in water—acetonitrile gradients with 0.1%
trifluoroacetic acid and monitored at 220 nm. A standard curve
was constructed by running samples of known concentrations of
headplece Binding data were fit with Origin 6.0 as previously
described.” Three parameters were obtained by fitting: (1)
equilibrium dissociation constant (Kp), (2) maximal binding
(Bmax), (3) nonspecific (NS) binding. The data points used in
fitting were the average of three separate sedimentation
experiments.

B RESULTS

To investigate the role of the highly conserved buried salt
bridge in villin headpiece (Figure 1), we made a series of point
mutations at positions E39 and K70. To determine whether the
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Figure 2. Upfield region of the 'H 500 MHz 1D NMR spectra of HP67,
SWAP, MetMet, and K70M. The methyl resonance of V50 and the Hf3
of K6S in the C-terminal subdomain and the methyl groups of V33 and
L21 in the N-terminal subdomain are labeled. Spectra were recorded at
25 °Cin 10% D,0O, 10 mM sodium phosphate buffer at pH 7.0.

buried salt bridge could be replaced by a hydrophobic interaction
without introducing much steric hindrance, we created E39M/
K70M, or “MetMet”, a double mutant. To determine whether
the salt bridge could still be formed in the opposite orientation,
we created E39K/K70E, termed “SWAP”. In the process of
making the double mutants, all possible single mutants were also
constructed (i.e., E39K, E39M, K70E, K70M).

NMR Indicates That the Salt Bridge Is Essential for the
N-Terminal Subdomain Fold. 1D proton NMR spectra were
obtained to determine the effect of double mutations on the
headpiece fold. The upfield region of the 'H 500 MHz NMR
spectrum of HP67 contains well-resolved resonances from both
the N- and C-terminal subdomains (Figure 2). The methyl
groups of L21 and V33 from the N-terminal subdomain and
V50 as well as the Hf3 of K6S from the C-terminal subdomain act
as probes for folded structure within the two individual domains.
In all of the salt bridge mutant spectra there is a loss of the L21
and V33 methyl peaks, indicating that the N-terminal subdomain
is unfolded. The retention of the V50 and K65 peaks indicates the
C-terminal subdomain remains folded. The small changes in
chemical shift of the V50 and K65 peaks are due to localized
changes in conformation within the C-terminal subdomain and
are consistent with the chemical shifts observed in the isolated
HP3S domain.

NMR Indicates That the C-Terminal Subdomain Retains
the Native Fold. To further define the folded and unfolded
regions within the salt bridge mutants, we mapped the chemical
shift changes of backbone amide protons relative to HP67 in the
"H—"SN HSQC spectra. Figure 3 shows the HSQC spectra of
SWAP and MetMet (red) overlaid with HP67 (black). The peak
labels indicate the assignments for HP67. Unlike the spectrum
of HP67, the spectra of the mutants contain more resonances
than expected from their sequences, indicating some regions are
slowly exchanging between two states. In addition, there are
more peaks in the region corresponding to random coil chemical
shifts (8—9 ppm) in the mutants than in HP67. What is clear
from these spectra is that the well-dispersed peaks from residues
in the N-terminal of HP67 are absent in the spectra of salt
bridge mutants (e.g,, L13, E14, L19, V20, L21, A25, E27, L29,
G32,D34,R37,1L42,S43). In contrast, most of the disperse peaks
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Figure 3 Comparison of the "*N-HSQC spectra of Swap and MetMet with HP67. The spectrum of HP67 is shown in black, and the assignments are
labeled.® The spectra of SWAP and MetMet are shown in red on the left and right spectrum, respectively. The spectra were acquired at pH 7.0, 20 °C, in
10 mM phosphate buffer. The protein concentrations for both SWAP and MetMet are 1 mM.

3708 dx.doi.org/10.1021/bi1020343 |Biochemistry 2011, 50, 3706-3712



Biochemistry

0
2000 m
. ]
"= 4000
2 ¥4
g u v,
~N ﬁ
£ -6000- V]
(3]
m
Q
T 8000 - a
._‘E
o,
10000
g
"
12000 . Y . :
200 210 220 230 240 250

Wavelengh (nm)

Figure 4. CD spectra of HP67 and salt bridge mutants. Far-UV scans of
10 uM protein at 25 °C in 10 mM sodium phosphate buffer at pH 7.0in a
10 mm path-length cell. HP67 (M), MetMet (A ), SWAP (O), and K70
M (V).

arising from residues within the C-terminal subdomain have a
corresponding peak directly under, or very close to, those from
HP67 in the spectra of the mutants (e.g, A49, AS7, TS54, L61,
K65, Q66). The resonances from residues corresponding to the
end of the C-terminal helix of HP67 are also shifted (e.g., K70,
G74, F76). However, these shifts show a close correspondence to
those seen in the isolated HP3S subdomain.'® These observa-
tions are consistent with the unfolding of the N-terminal domain
while the C-terminal domain adopts the structure the HP35
subdomain.

Although Unfolded, the N-Terminal Subdomain Influ-
ences the Stability of the C-Terminal Subdomain. The
C-terminal subdomain of HP67 contains most of the helical
structure in HP67, and therefore the signal from the C-terminal
subdomain dominates the CD spectrum. The far-UV CD spectra
for all the salt bridge mutants exhibit significant helical content,
similar to that observed for HP67, which is consistent with an
independently folded C-terminal subdomain (Figure 4).

The thermal stability of the C-terminal subdomain was
determined by monitoring the helical CD signal at 222 nm as a
function of temperature. HP67 exhibits a thermal unfolding
temperature (Ty,) of 79.8 °C. Despite having unfolded N-term-
inal subdomains, both mutants containing the K70 M mutation
(MetMet and K70M) exhibit increases in T,,, compared to that of
wild-type (93.6 and 83.5 °C, respectively). In contrast, SWAP
exhibits a T,, of 67.5 °C, a decrease of 12.3 °C in T,,. The
hierarchy of T, values is MetMet > K70 M > HP67 > SWAP.

To determine the thermodynamic stability of the folded
C-terminal subdomain of each construct, we performed chemical
denaturation as a function of increasing guanidine hydrochloride
(GuHC], Figure S) and urea (Supporting Information Figure
S1). Helical content was monitored by the CD signal at 222 nm.
As expected from their elevated T, values, MetMet and K70M
mutants both show an increase in stability relative to HP67. All
constructs, except SWAP, show cooperative unfolding with
similar m-values. In the SWAP mutant, unfolding cooperativity
was slightly, but significantly, reduced.

The GuHCl unfolding curves were fit to obtain AG®, C,,, and
m values (Table 1)."** SWAP was the only mutant which
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Figure 5. Guanidine hydrochloride denaturation of headpiece con-
structs. GuHCl-induced denaturation of HP67 (M), MetMet (A),
SWAP (O), and K70 M (V). Experiments were performed with
10 #M protein samples at 25 °C in 10 mM sodium phosphate buffer,
pH 7.0. CD signal was monitored at 222 nm in a 10 mm cell. Data were
best fit to the Santoro and Bolen equation®* and then plotted as percent
unfolded.

Table 1. Thermodynamic Data for the HP67 and H41Y
Constructs (GuHCI)

AG°gunc Myalue, GuHCI Con,GuHCl T

(kcal/mol)  (kcal/(mol M %)) (mol) (°C)
HP67 2.6 0.8 34 79.8
SWAP 2.2 0.7 3.0 67.5
MetMet 4.0 0.9 4.6 93.6
K70M 3.1 0.8 4.0 83.5
H41Y 39 1.1 3.4 83.4
H41Y/SWAP 2.4 0.8 34 68.9
H41Y/MetMet 2.8 0.7 34 92.2
H41Y/K70M 3.5 0.8 4.4 84.4

exhibits a decrease in both AG® and C,,. The relative trends in
AG° and C,, values for these mutants and HP67 are the same as
for the thermal unfolding experiment: MetMet > K70M >
HP67 > SWAP. Thus, as has been observed for the isolated
HP35 subdomain, reglacement of lysine 70 with methionine
increases its stability.>

A concern with using GuHCI unfolding data to calculate the
stability of these salt bridge mutants is the potential ionic
screening arising from the high concentrations of GuHCI. To
address this concern, we performed the same experiments in urea
(Supporting Information Figure S1). The results from the urea
experiments are in qualitative agreement with those in GuHC],
and the stability of the constructs follows the same hierarchy:
MetMet > K70 M > HP67 > SWAP. However, a complete
thermodynamic analysis in urea is complicated due to the lack of
unfolded baselines for most of these constructs.

The Conserved Buried Salt Bridge Is Essential for Specific
Actin Binding. To test whether these salt bridge mutations
affected the actin binding activity of villin headpiece, we mea-
sured the apparent actin—headpiece affinity of SWAP, MetMet,
and K70M using a sedimentation assay. Non-actin bindin%
Supervillin headpiece (SVHP) was used as a negative control.'>”
The binding constant (Kp), maximum of amount of protein
specifically bound (B,,,,), and nonspecific binding (NS) were
determined by fitting the binding curves as described previously'”
(Figure 6).
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Figure 6. F-actin sedimentation assay. The concentration of the head-
piece constructs cosedimenting with F-actin (HPj,4) is plotted against
total headpiece construct concentration (HP,,;) in each reaction. The
data points are the average of the three separate experiments. Error bars
indicate the standard deviations of the three experiments. The curves
and lines are best fit to the average data points. For HP67 (M), a
saturating binding equation, which includes nonspecific binding, was
used. For MetMet (A ), SWAP (O), K70 M (V), and SVHP (O) the data
are best fit to a linear equation corresponding to nonspecific binding of
3%, 4%, 2%, and 2%, respectively.

Under the conditions of this assay HP67 has a K of 5 uM,
consistent with previous results.”'> The By, value (15 uM) is
the same as the actin monomer concentration used in the
reaction and is consistent with a 1:1 protein:actin stoichiometry.
Unlike the wild-type sequence, mutant headpiece constructs
bound only weakly to actin. Mutants accumulated in the pellet
fractions in an essentially linear fashion as a function of con-
centration, without displaying signs of saturation. MetMet,
SWAP, and K70M binding data gave poor fits for specific
binding. When fit to a straight line, nonspecific binding was
determined to be 3%, 4%, and 2% for MetMet, SWAP, and
K70M, respectively. Note that the wild-type HP67 domain has a
similar nonspecific value of 1% yet exhibited saturation of
binding to F-actin.” SVHP had a 2% nonspecific binding in this
experiment. Therefore, the salt bridge mutants exhibited similar
nonspecific binding values compared to a protein previously
known to not bind F-actin. Thus, the correctly folded N-terminal
subdomain is essential for specific F-actin binding. Furthermore,
the lack of specific binding by any salt bridge mutant indicates
that the binding energy of the headpiece—actin interface is
insufficient to induce proper folding of the N-terminal subdomain.

Salt Bridge Mutants Remain Unfolded in the More Stable
HP67/H41Y Background. In an attempt to induce folding of the
N-terminal domain of the salt bridge mutants, the mutations
were also made in the background of a stabilized mutant of HP67,
H41Y (HP67/H41Y). H41 is highly conserved in headpiece
domains; no other substitutions have been found at this site
except tyrosine. On the basis of hydrogen exchange experiments,
H41Y has increased stability of ~0.7 kcal/mol.”'*” The thermal
unfolding (T,,) values for the salt bridge mutants in the H41Y
background follow the same hierarchy as found for the wild-type
HP67 background (Table 1). The AG®, m value, and C,, deter-
mined by GuHCI unfolding follow a slightly different pattern
(Supporting Information Figure S2). H41Y exhibits the highest
AG® value followed by K70M/H41Y, MetMet/H41Y, and then
SWAP/H41Y. Thus, the increased stability of H41Y background

cannot compensate for the destabilizing effect of the salt bridge
mutations to allow proper folding of the N-terminal subdomain.

l DISCUSSION

Buried salt bridges are unusual in small proteins, and the
observation of a highly conserved and buried salt bridge in HP67
is unexpected.'”*" To test the constraints of the salt bridge, we
replaced the two residues with hydrophobic interactions or
swapped their polarity.

1D and 2D NMR data show that any mutation of this salt
bridge results in unfolding of most of the N-terminal subdomain.
Residues in the region linking the N- and C-terminal subdomains
can still affect the thermostability of the C-terminal subdomain,
as seen in the MetMet double mutant, which is more stable than
the K70 M single mutant. Thus, it appears that when the buried
E39 residue is replaced with methionine in the MetMet double
mutant, the hydrophobic side chain can form stabilizing contacts
with the C-terminal subdomain.

In this study, we found that any mutations to the residues
participating in the buried salt bridge are not tolerated and result in
partial unfolding of most of the N-terminal subdomain. Further,
unfolding of the N-terminal subdomain disrupts the actin binding
face. Thus, the buried salt bridge serves a vital role by specifying the
actin-binding conformation of the N-terminal residues.

There appears to be a competition between the requirement
for a highly specific salt bridge needed to ensure proper folding of
the N-terminal subdomain, on the one hand, and the destabiliza-
tion of the C-terminal subdomain by K70, on the other. The
equilibrium unfolding of HP67 is known to be multistate. The
first state is the canonical HP67 fold with both subdomains
folded. In the second state, the N-terminal subdomain is
unfolded while the C-terminal subdomain adopts the structure
of isolated HP3S, which contains slight alterations in the structure
and dynamics, especially of the C-terminal residues. Another state,
in which both domains are unfolded, is populated under more
strongly denaturing conditions. Any mutation to the salt bridge
favors the competition toward the second state. Thus, the
presence of the native E39—K70 salt bridge stabilizes the
N-terminal subdomain but destabilizes the C-terminal subdo-
main. This has some interesting consequences for the study of
small domains derived from larger proteins. A commonly
employed strategy to stabilize a domain is to use a sequence
alignment to derive consensus residues at core positions and to
then replace residues in the sequence of interest that deviate from
the consensus. Such an approach would erroneously fail to
predict that mutation of K70 stabilizes the isolated C-terminal
subdomain, HP335. In the present case, K70 is conserved because
its stabilizing intersubdomain interactions are more important
for function than its destabilizing intrasubdomain interactions.

B ASSOCIATED CONTENT

© Supporting Information. Denaturant unfolding of SWAP,
MetMet, and K70M mutations in the more stable H41Y background
is shown in Figures S1 (urea) and S2 (GuHCI). This material is
available free of charge via the Internet at http://pubs.acs.org.
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ATP, adenosine triphosphate; C,,, the midpoint of the denaturant-
induced unfolding transition; CD, circular dichroism; E39K, gluta-
mate 39 to lysine mutation in HP67; E39M, glutamate 39 to
methionine mutation of HP67; AG®, apparent free energy of
unfolding; D,O, deuterium dioxide; DTT, dithiothreitol; F-actin,
filamentous actin; GuHCI, guanidine hydrochloride; H41Y, mutant
of HP67 replacing residue histidine 41 with tyrosine; HP335, residues
42—76 of the isolated C-terminal domain of HP67; HP67, 67 amino
acid polypeptide encoding residues 10—76 of villin headpiece
(residues 760—826 of intact chicken villin); HPLC, high-pressure
liquid chromatography; HSQC, heteronuclear single quantum co-
herence; K70E, lysine 70 to glutamate mutation in HP67; K70M,
lysine 70 to methionine mutation in HP67; MetMet, HP67 which
contains two mutations, E39M and K70M; NS, nonspecific bind-
ing; NMR, nuclear magnetic resonance; PSASA, percent solvent
accessible surface area; SVHP, Supervillin headpiece; SWAP, HP67
which contains two mutations, E39K and K70E; T, the midpoint
of thermal unfolding; TRIS, tris(hydroxymethylamino)methane;

UV, ultraviolet; WT, wild-type.
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