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ABSTRACT: The helical subdomain of the villin headpiece is the smallest naturally occurring cooperatively
folded protein. Its small size, simple three-helix topology, and very rapid folding have made it an extremely
popular model system for computational and theoretical studies of protein folding. The domain has a well-
packed hydrophobic core comprised in part of an unusual set of three closely packed phenylalanine residues,
F47, F51, and F58 (denoted using the numbering of the larger headpiece protein). Aromatic—aromatic
interactions have been thought to play a critical role in specifying the subdomain fold and have been proposed
to play a general role in stabilizing small proteins. The modest stability of the subdomain has hindered studies
of core packing since multiple mutations can lead to constructs which fail to fold, and even single mutants can
result in poorly folded variants. Using a previously characterized hyperstable mutant of the domain,
generated by targeting surface residues, a complete set of single, double, and triple core Phe to Leu mutants
were characterized. A highly conserved surface Trp which is part of a Trp—Pro interaction was also examined.
All mutants are well-folded as judged by CD and NMR, and all exhibit sigmoidal urea and thermally induced
unfolding transitions, thus proving that aromatic—aromatic, aromatic—proline, or aromatic—hydrophobic
interactions are not required for specifying the subdomain fold. Double mutant cycle analysis demonstrates
that F47 and F51 make the strongest pairwise interaction. Mutations which lack F58 are the most
destabilized, although even the triple mutant is folded. Interestingly, mutation of the central Phe, F51, has
the smallest effect on stability even though it makes contact with both F47 and F58 and appears to form the
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strongest pairwise interaction.

There is considerable interest in small cooperatively folded
protein domains and subdomains since their small size and often
very rapid folding make them highly attractive model systems for
computational, theoretical, and experimental studies of protein
folding. In this regard, the helical subdomain of the villin
headpiece has emerged as perhaps the most popular system for
molecular dynamics (MD)' simulations of protein folding. The
subdomain is the smallest naturally occurring protein domain
which has been shown to fold cooperatively. The domain folds on
the microsecond time scale and is thus one of the fastest folding
proteins known. Its rapid folding coupled with its small size, 35 or
36 residues depending on the construct, and simple topology
have made it the focus of a very large number of computational
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and theoretical studies, with more than 20 independent research
groups publishing the results of their folding calculations (/—40).
There have been considerably fewer published experimental
studies on the kinetics of its folding, but we and the NIH group
have used laser temperature jump methods to show that it folds
on the microsecond time scale (6, 7, 40, 41).

The villin headpiece helical subdomain consists of residues
Leud42—Phe76 of villin and is denoted HP35 (Figure 1). The
subdomain sequence is normally numbered according to the
numbering used for the intact villin headpiece. Thus, the first
residue of HP35 is Leud2 and its C-terminus is residue 76 (/).
Recombinant versions of HP35 retain the N-terminal Met and
are thus 36 residues in length. That construct, which is the parent
sequence for these studies, is denoted HP36, and the N-terminal
Met is designated Met41l. The domain has a simple topology
made up of three a-helices (Figure 1). HP35 and HP36 have very
well packed hydrophobic cores and contain a striking triad of
buried phenylalanine residues at positions 47, 51, and 58 which
pack against each other in the native state (2, 42). The protein also
contains a conserved Trp at position 64 which has been proposed
to play a critical role in dictating the fold via an aromatic proline
interaction (38). Interactions involving aromatic residues are
observed in many, but not all, naturally occurring or designed
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FiGure 1: (A) Ribbon diagram of the structure of DM HP36
generated using PyMOL, version 0.99. The N- and C-termini are
labeled, and the Phe hydrophobic core residues and the surface Trp
residue are shown in stick format and are labeled. The primary
sequence is shown together with a diagram of secondary structures.
o-Helices are represented as cylinders. (B) Contact map for DM
HP36 side chain—side chain contacts shown above the diagonal
and side chain—main chain contacts below the diagonal. Contacts
involving the three Phe residues are colored blue. A 6 A cutoff was
used.

miniature proteins (43—45), and the hypothesis that they play a
particularly critical role in stabilizing and specifying their folds
has been advanced (38, 43—46). Aromatic—aromatic interactions
have also been proposed to play an essential role in the ordered
self-assembly of small amyloidogenic polypeptides (47, 48). The
side chains of the three core aromatic residues in HP36 are the
three most buried in the hydrophobic core with percent fractional
accessibilities of 6, 4, and 7%, respectively. Each of the core
phenylalanines is highly conserved. Positions 51 and 58 are
almost always Phe. The rare exceptions are Leu at position
51 in two sequences and Leu, Tyr, or Trp at position 58 in a total
of three sequences, while Phe 47 appears to be completely
conserved (3). There are no known examples of double mutants
which lack aromatic residues at both positions.
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Surprisingly, there have been very few mutational studies of
the role of the hydrophobic core in the folding or stability of the
subdomain, presumably in part because the wild type is not
particularly stable in terms of AG®°, although as expected it has a
high T, (7, 26, 38, 42, 49, 50). The modest AG® of folding for the
wild type has the unfortunate consequence that even moderately
destabilizing single or multiple mutants may prevent the sub-
domain from folding. The failure to fold could arise because the
mutations disrupt critical interactions which are absolutely
required to specify the fold, or they may simply destabilize the
native state so much that only a very very small fraction of
molecules are folded. In the latter scenario, the small fraction of
molecules which are folded do adopt the wild-type structure,
while in the former, the mutants are incapable of adopting the
wild-type structure even under stabilizing conditions because
critical interactions are missing. The difference in the two
scenarios gets to the heart of the difference between the protein
folding and the protein stability problems (57). In the case of
HP35 and HP36, the failure of certain Phe mutants to fold
naturally leads to the question of whether aromatic—aromatic
interactions are required for specifying the fold in this unusually
small protein domain. In addition, studies of the conserved Trp at
position 64 have led to the proposal that it participates in critical
“gatekeeper” interactions which play a key role in specifying the
fold (38). Those studies, like the previous analysis of the core
aromatics, were conducted in the normal wild-type background
and lead to significant destabilization.

Recently, we described a hyperstable double mutant of the
domain which was generated by mutating two surface residues
whose side chains are exposed to solvent. The high-resolution
crystal structure of the double mutant shows that its structure
and core packing are identical to those of the wild type (26). Here
we take advantage of this hyperstable variant to conduct an
analysis of core aromatic packing in the villin headpiece helical
subdomain and to analyze the role of the surface Trp. Many of
the mutants characterized here so destabilize the wild-type
protein that it cannot fold. We show that interactions involving
aromatic residues are not required to specify the HP36 fold.

MATERIALS AND METHODS

Protein Expression and Purification. The plasmid (pET3a-
NTL9-FXa-HP36) containing the gene for HP36 was prepared as
described previously (26). The mutant proteins were expressed as
fusion proteins with the N-terminal domain of L9, and the fusion
protein was cleaved with Factor Xa and purified as described
previously (26). The cleavage temperature for DM F47L/F58L,
DM F51L/F58L, and DM F47L/F51L/F58L was 4 °C, while the
cleavage temperature for the four other mutants was 23 °C. All
proteins were more than 95% pure. The identities of all proteins
were confirmed by matrix-assisted laser desorption and ioniza-
tion time-of-flight mass spectrometry (MALDI-TOF). The
observed and expected molecular weights were as follows: DM
F47L, observed 4114.6, expected 4115.9; DM F38L, observed
4113.6, expected 4115.9; DM F51L, observed 4115.4, expected
4115.9; DM F47L/F51L, observed 4084.9, expected 4081.9;
DM F47L/F58L, observed 4080.8, expected 4081.9; DM F51L/
F58L, observed 4081.2, expected 4081.9; DM F47L/F51L/F58L,
observed 4043.7, expected 4047.9; DM W64L, observed 4076.0,
expected 4076.9.

NMR. AlNMR spectra were recorded on a Varian Instruments
Inova 600 MHz spectrometer at 25 °C with approximately 1 mM
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protein. Samples were prepared in 90% H,0O, 10% D,0, 10 mM
sodium acetate, and 150 mM sodium chloride at pH 5.0 and
referenced against sodium 3-(trimethylsilyl)tetradeuteriopropionate.

Circular Dichroism. Wavelength scans were recorded from
260 to 195 nm as the average of five repeats. Spectra were
collected at 25 °C with samples of 15—30 M protein in 10 mM
sodium acetate and 150 mM sodium chloride at pH 5.0. Thermal
unfolding experiments were performed from 2 to 96 °C with a
2 °C interval, and the signals were monitored at 222 nm. The
buffer and protein concentration was the same as that used in
wavelength scan experiments. Thermal unfolding curves were fit
to the standard equation for two-state folding to obtain 7, and
AH°(Ty,). The fit includes terms to describe linear pre- and post-
transition baselines. Urea unfolding curves were recorded at
25 °C and 222 nm using an AVIV Instruments model 202SF CD
instrument equipped with an automatic titrator. The concentra-
tion of urea was increased from 0 to ~10 M in ~0.25 M steps and
was measured by the refractive index. The buffer and protein
concentration was the same as that used in wavelength scan
experiments. Urea unfolding curves were fit to the standard linear
extrapolation model in which

AG°(urea) = AG°(H,0) —m|urea] (1)

to obtain m values and AG® in the absence of denaturant. The fit
assumes that the pre- and post-transition baselines are linear
functions of urea concentration.

Analytical Ultracentrifugation. Data were collected with a
Beckman Optima XL-A analytical ultracentrifuge at 25 °C and
280 nm using rotor speeds of 38000 rpm for 24 h and 48000 rpm
for an additional 24 h. Six-channel, 12 mm path length, charcoal-
filled Epon cells with quartz windows were used. Samples of 20,
40, and 50 uM protein were prepared in 10 mM sodium acetate
and 150 mM sodium chloride at pH 5.0. The partial specific
volume and solution density were calculated with SEDNTERP.
Data were analyzed using the HeteroAnalysis program from the
Analytical Ultracentrifugation Facility at the University of
Connecticut (Storrs, CT).

RESULTS

The N68A/K70M double mutant of HP36 was used as the
pseudo-wild type and is designated DM HP36 to distinguish it
from the true wild type. Both N68 and K70 are surface residues
and exposed to solvent; thus, they may be replaced without
altering the core packing, a feature which has been confirmed by
comparison of the high-resolution crystal structures of DM HP36
and wild-type HP35 (26). A set of seven Phe to Leu mutants
consisting of the complete set of single mutants, all three double
mutants, and the triple mutant. The sole Trp was also mutated
to Leu. Aromatic to Leu rather than aromatic to Ala mutations
were made so that aromatic residues could be removed
without deleting significant side chain volume and thus poten-
tially leading to significant repacking effects. A Phe to
Leu substitution does result in a decrease in side chain volume
of approximately 35 A% however, it is the smallest change
associated with mutation to a hydrophobic residue and thus
the most conservative (52). All of the mutants expressed well and
were soluble. CD spectroscopy indicates that all are folded, and
the far-UV CD spectra of all of the mutants are very similar to
that recorded for DM HP36 and HP36 (Figure 2). DM HP36
contains a set of ring current-shifted methyl resonances that are
very diagnostic of its fold. Thus, "H NMR spectra provide a good
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probe of the integrity of the tertiary structure. However, the three
buried Phe residues are responsible for the ring current shifts;
thus, Phe to Leu mutants may exhibit only a subset of the ring
current-shifted peaks yet still be folded. As expected, no ring
current-shifted methyls were observed in the "H NMR spectra of
the DM F47L/FSIL/FS8L triple mutant; however, strongly
upfield shifted methyl peaks were observed for each single Phe
to Leu mutant and for the DM F47L/F51L, DM F47L/F58L,
and DM F51L/F58L double mutants. HP36 contains one Trp
residue at position 64. The indole ring is partially exposed to
solvent; however, one face is packed against the body of the
protein, and the indole N—H resonance appears at the char-
acteristic chemical shift of 10.5 ppm in the folded state. All of the
Phe mutants display a single peak for this proton located between
10.4 and 10.5 ppm, providing further evidence that the proteins
are well-folded. In addition, the peaks in the aromatic—amide
region of the spectra are well-dispersed as expected for a folded
protein (Figure 3). The "H NMR spectrum of the W64L mutant
displays the characteristic ring current-shifted resonances
observed in the wild type, indicating that core packing is not
disrupted. Previous work reported the characterization of a
subset of Phe to Leu mutants in a M53L background and showed
that the single mutants were monomeric in solution (42). Some
potential association was detected for the F47L/F58L and F51L/
F58L double mutants in this system; however, the MS53L back-
ground is even less stable than the wild type, and thus, it was not
clear if the hydrodynamic behavior of those mutants represented
a rapid equilibrium between the folded and unfolded states or
weak self-association in their respective native states. Conse-
quently, we conducted analytical centrifugation (AUC) studies of
each double mutant and the DM F47L/F51L/F58L triple
mutant. Apparent molecular weights were determined from a
single-species fit of data collected from a 50 uM sample. The
apparent molecular weight determined from a single-species fit is
4920 for DM F47L/F51L, 4360 for DM F51L/F58L, and 4640
for DM F47L/F58L, and the expected weight is 4082. The
apparent molecular weight for the triple mutant is 4840, and
the expected weight is 4048. The apparent molecular weights
deduced from a single-species fit to the AUC data are thus
8—20% higher than the true monomeric weights, indicating only
weak self-association at worst. The fact that gel filtration data
collected for F47L/FS8L and FSIL/FS8L in the destabilized
MS3L background gave apparent molecular weights of ~7500
reflects the fact that the double Leu mutants likely lead to a
significant population of unfolded protein in this system (42).
Having established that all of the mutants are folded and well-
behaved in solution, we turned to stability measurements to
characterize the effects of the aromatic to Leu substitutions.
All proteins displayed sigmoidal thermally induced unfolding
transitions which can be readily fit to the standard expression for
two-state unfolding with linear pre- and post-transitions. There
are several practical issues which are worth noting. First, the DM
HP36 pseudo-wild type is so stable that it is not fully unfolded
even at temperatures approaching 100 °C. A variant with a lower
thermal stability could be used as the background for making
core mutations; however, that leads to the problem that the most
destabilizing mutants are not well folded, and thus, use of DM
HP36 is a necessary compromise. Nevertheless, the 7o, of DM
HP36 has been previously estimated from the derivative of the
thermal unfolding curve to be 90.6 °C. A second issue
is that small proteins normally have broad unfolding curves
because of the small AH® of unfolding. This is the case for HP36.
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FIGURE 2: Far-UV CD spectra show all mutants are folded: (A) DM HP36, (B) DM F47L, (C) DM F5S1L, (D) DM F58L, (E) DM F47L/F51L,
(F) DM F47L/F58L, (G) DM F51L/FS8L, (H) DM F47L/F51L/F58L, and (I) DM W64L. All spectra were recorded at 25 °C in 10 mM sodium

acetate and 150 mM sodium chloride at pH 5.0.

Furthermore, mutations which lead to core packing that is less
optimal than that of the wild type should have even smaller AH°
values of unfolding. Thus, some of the mutant unfolding curves
are relatively broad, but again all can be reliably fit to yield T},
and AH°(T,). The thermal unfolding curves are shown in
Figure 4 as plots of CD signal versus 7. We display the data in
this way instead of as plots of fraction folded because using
fraction folded can disguise problems with baselines, particularly
for small proteins. Showing the actual fits gives a more objective
view of the data. A more subtle but more fundamental point is
that the analysis is based on a global parameter, mean residue
ellipticity, which reports on the overall properties of the molecule.
Noncoincidental unfolding curves have been observed for some
helical proteins in NMR-monitored unfolding studies even when
sigmoidal melting curves are observed using global probes,
although the basis for the observed effects is extremely contro-
versial (53, 54). Unfortunately, the unfolding transitions of DM
HP36 or its mutants cannot be followed throughout the entire
unfolding curve by NMR due to a combination of high T,
values, fast exchange between folded and unfolded forms at
higher temperatures, and issues of spectral resolution. Thus, we
use CD-monitored unfolding as a probe of the global integrity of
the fold and use the measured T, values as a semiquantitative
probe of the effects of the mutations on stability (Figure 4).
Each single Phe to Leu mutation leads to a less thermal stable
subdomain as does the Trp to Leu mutation. The F51L mutation

has the smallest effect, reducing the apparent T, by approxi-
mately 15 °C, while the F47L or FS8L mutant clearly have larger
effects, reducing the T,, by 21 or 30 °C, respectively. The rank
order observed here agrees with that observed by McKnight and
colleagues in the M53L background (42). It is interesting to note
that substitution of F58 has a greater effect than substitution of
F51 even though F51 is sandwiched by the two other Phe rings. In
fact, the F51L mutation has the smallest effect on T}, of any of
the Phe mutants. The effect of the Trp to Leu mutant on 7, is
similar to the effect of F51L, confirming that W64 makes
stabilizing interactions as noted previously (38) even though it
is a surface residue. Precise thermodynamics parameters could
not be obtained for the W64 substitution in prior investigations
because the mutation led to incompletely defined native baselines
in the background used. In contrast, the DM HP36 background
leads to well-defined baselines for the Trp mutation. The same
trends detected in the single mutants are observed in the double
mutants. Namely, any double mutant which includes the F58L
substitution is very destabilizing; the apparent T, values
are reduced by more than 40 °C, while the 7}, of the F47L/
F51L mutant, i.e., the double mutant which retains Phe58, has a
T, =20 °C higher than those of the other double mutants. The
thermodynamics of the unfolding of both of the most destabilized
Phe double mutants could not be characterized in earlier studies
because of the lower stability of the pseudo-wild-type back-
ground used. The data presented here show unambiguously that
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FIGURE 3: '"H NMR spectra confirm that all mutants are folded.
(A) Stacked plot of the downfield region of the spectra of the DM
HP36 mutants. Spectra are labeled to denote the mutant to which
they correspond. (B) Stacked plot of the upfield region of the spectra
of DM HP36 mutants. The sharp peak at 0.00 ppm is the chemical
shift standard. Spectra were recorded at 25 °C in 90% H,0, 10%
D0, 10 mM sodium acetate, and 150 mM sodium chloride at pH 5.0.

the deleted phenylalanines are not required for specifying the
fold. Interestingly, the triple Phe to Leu mutant DM F47L/F51L/
FS8L is folded and is no less thermally stable than the F47L/
FS8L or F51L/F58L double mutant. In fact, the T}, of the triple
mutant is actually slightly higher than the T}, of the F51L/F58L
double mutant and is comparable to that of the F47L/F58L
double mutant. This may reflect the fact that the more flexible
Leu side chains can slightly repack in the core of the triple mutant
relative to double mutants which contain one Phe. The triple
leucine mutant has not been previously characterized, and the
results are very interesting since they directly demonstrate that
the Phe residues are not required for folding or for the generation
of a cooperative (sigmoidal) thermal unfolding transition. Thus,
while packing among the three phenylalanines is stabilizing,
aromatic—aromatic interactions are not required for HP36 to
fold and Trp—Pro interactions are also not required.

The fits to the thermal unfolding curves also yield estimates of
the enthalpy of unfolding at T;,, AH(T},). Since the different
proteins have different T}, values, AH°(T,,) values cannot be
meaningfully compared to each other. However, AH° can be
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estimated at a common temperature provided AC,° is known.
pH-dependent studies of wild-type HP36 provide an estimated
AC,° of 0.38 kcal mol ™! deg_l, while analysis of the AH® of
surface mutants gives an estimated AC,° of 0.23 kcal mol ' deg ™!
(26). Clearly, there is considerable uncertainty in the estimation
of AC,°. Furthermore, there is no reason that the value of AC,°
for the Phe to Leu mutants need be exactly the same. For
example, the Phe to Leu mutants might alter residual structure
in the unfolded state which could lead to change in AC,° even in
the absence of native state effects (7). Table 1 summarizes the
apparent AH° values at 50 °C, a temperature chosen because it
involves a shorter extrapolation than 25 or 37 °C and hence
reduces any potential systematic error associated with uncer-
tainty in AC,,°. For these reasons, we are hesitant to overinterpret
the AH® values; however, we note that replacement of Phe58 has
the largest effect among the single mutants, and the double
mutants which include F58L also show a larger effect than double
mutants which do not. Again, the importance of F58 is high-
lighted. The conclusion that the F58L mutant has the largest
effect on AH® is independent of the choice of AC,,° over the range
of values considered. The Trp64 to Leu mutation has the smallest
effect upon AH® which is not surprising given that it lies on the
surface of the protein.

We also conducted urea-induced unfolding studies of all of the
mutants. Some of the issues that were relevant for the thermal
unfolding come into play here as well. First, the DM HP36
protein is too stable to give a complete urea unfolding curve, but
stability can be estimated using the midpoint, Cy, determined
from the derivative of the curve and the wild-type m value.
In addition, the stability of this protein has been examined
previously by amide H—D exchange (26). All of the mutants
give complete unfolding curves; however, the pretransition base-
lines are not as optimally defined for the two most destabilizing
double mutants or the triple mutant, although clear sigmoidal
curves are measured. We note this is part of the motivation for
using DM HP36 as the background. A less stable “wild type”
would lead to very poorly defined transitions for the destabilizing
mutants. This has plagued all prior attempts to analyze the role of
the aromatic residues and prevented a complete description of
the role of the aromatic triad. The parameters deduced from the
urea unfolding, Cy; values, apparent AG° values in the absence of
urea, and m values are listed in Table 1, which also summarizes
the thermal unfolding data. Of the single Phe mutants, both F47L
and F51L have much smaller effects than FS8L. The effect of the
W64L mutation is also much smaller than that of the F58L
substitution. This is entirely consistent with the thermal unfold-
ing data. Fits to the urea unfolding curves also provide m values
which are formerly equal to dAG®/d[urea]. m values are generally
believed to be related to the change in solvent accessible surface
area between the folded and unfolded forms, and changes in
m values have been proposed to reflect, at least in some cases,
changes in the unfolded state ensemble (55, 56). The m value for
wild-type HP36 has been determined to be 0.52 kcal mol ™' M ™!
under these conditions, but the m value for the hyperstable DM
HP36 could not be determined because the protein is too stable.
The m values of the triple mutant and F47L/F58L and F51L/
FS8L double mutants are similar but are all smaller than the
m value for the F47L/F51L double mutant which retains F58.
The m value of DM W64L is similar to that of the wild type.
m values are less reliably extracted from fitting broad unfolding
curves, and thus, we avoid attempting a molecular-level inter-
pretation of the changes. In addition, recent theoretical work
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FIGURE 4: CD-monitored thermal unfolding curves for DM HP36 and its mutants: (A) DM HP36, (B) DM F47L, (C) DM F51L, (D) DM F58L,
(E) DM F47L/FSI1L, (F) DM F47L/FS8L, (G) DM FS1L/F58L, (H) DM F47L/F51L/F58L, and (I) DM W64L. Samples contained between
15 and 30 uM protein in 10 mM sodium acetate and 150 mM sodium chloride at pH 5.0. The CD signal at 222 nm was detected.

suggests that urea-induced unfolding may be more complex than
often assumed (57).

Analysis of the urea-induced unfolding of the double mutants
yields conclusions which are similar to those obtained from the
thermal unfolding; namely, double mutants which remove F58
are drastically destabilized relative to the double mutant which
retains F58. In addition, the triple Phe to Leu mutant is no less
stable than either of the double mutants which lack F38. In fact,
it is slightly more stable. Mutations can also affect residual
interactions in the denatured state ensemble and contribute to
changes in stability via denatured state effects. This may be
relevant for HP36 since studies with peptide fragments
provide evidence of hydrophobic clusters in the unfolded state
ensemble which involves some of the Phe residues and which can
be partially disrupted by mutation to Leu (36, 37). How might
such effects impact the interpretation of the experimentally
determined changes in T, and AG®? Clearly, the conclusion that
interactions involving the aromatic residues are not required
for folding is not altered. Transiently populated hydrophobic
clustering in the unfolded state is expected to be relatively weak
energetically, but it should stabilize the unfolded state ensemble.
Thus, disrupting such interactions in the absence of any native
state effects would stabilize the protein because the free energy of
the unfolded state would be increased. The fact that all of the
mutations studied here significantly destabilize the protein argues
that native state effects dominate. In addition, it is worth noting
that the same rank order of the effect of single Phe mutations is
observed in the DM background, in the single-Phe mutant
backgrounds, and in the M53L background analyzed previously,

which strongly suggests that native state effects dominate and the
rank ordering of stability is robust.

Analysis of AAG® values for the single and double mutants or
examination of AT}, values provides a measure of the effect of
mutation(s) upon stability but does not provide direct evidence
of energetically significant interaction between the aromatic
residues. Double mutant cycle analysis was developed to provide
a method for measuring the interaction free energy, AAG®y,,
between two residues by eliminating the effects of mutations
upon other interactions (58).

AAGOi“[(A, B) = AG°wr —AG°s —AG°g + AG°x3 (2)

where AG°wr is the free energy of unfolding of the wild type,
AG°s and AG°y are the free energies of unfolding of the
respective single mutants, and AG° 4 is the unfolding free energy
of the double mutant. The double mutant cycle does not provide
the contribution that a particular pairwise interaction makes to
the native state because it ignores or neglects two important
effects. First, the analysis of double mutant cycles makes the
inescapable assumption that the mutations do not alter the
free energy of the unfolded ensemble. Double mutant cycles
can be analyzed in the conceptual context of a double mutant
cycle “square” or thermodynamic cycle if unfolded state effects
are not important. However, a thermodynamic cube is required if
unfolded state effects are present. In this case, knowledge of
changes in the free energy of both the folded states and unfolded
states of the three mutants is needed, and this is generally
impossible to obtain. This effect may be important for HP36
since the subdomain appears to have a partially structured



Article Biochemistry, Vol. 48, No. 21, 2009 4613

«|(A) DMHP36 4  o/(B) DMF4L *{(C) DMF5IL

e ;

S| DMFssL 1(E) DMF47LF51L °](F) DMF47LFSBL

E 0 “0 -

~ -0

27 - -

o ™ ®

= 100 -100

ue-‘.m - =

? -140 160 140
+{(G) DM F51LF58L |+ OMFanFstLFS8L T omwea

0 2 4 6 8 10 0 2

[u;ea]

6 8 10 4 2 4 6 8 10

FIGURE 5: CD-monitored urea-induced unfolding curves for DM HP36 and its mutants: (A) DM HP36, (B) DM F47L, (C) DM F51L, (D) DM
FS58L, (E) DM F47L/F51L, (F) DM F47L/FS8L, (G) DM F51L/F58L, (H) DM F47L/F51L/F58L, and (I) DM W64L. Samples contained
between 15 and 30 uM protein in 10 mM sodium acetate and 150 mM sodium chloride (pH 5.0). The CD signal at 222 nm was detected.

Table 1: Thermodynamic Parameters for the Unfolding of DM HP36 Mutants

AH(T,) AH®(50 °C) (kcal/mol)  AH°(50 °C) (kcal/mol) m value
protein T (°C)  (kcal/mol) (AC,° = 0.23) (AC,° = 0.38) AG® (kcal/mol)  (kcalmol ' M~ Cy (M)
DM HP36 90.6 - 25.6 19.5 4.94—5.06¢ —4 9.60°
DM F47L 69.6 25.9 21.4 18.4 2.85 0.46 6.00
DM F51L 76.0 28.4 224 18.5 3.01 0.44 7.00
DM F58L 60.9 21.3 18.8 17.2 2.62 0.55 4.75
DM F47L/F51L 68.1 232 19.0 16.3 2.54 0.40 6.50
DM F47L/F58L 48.9 13.3 13.6 13.7 0.75 0.34 2.85
DM F51L/F58L 46.4 15.6 16.4 17.0 0.72 0.29 3.30
DM F47L/F51L/F58L 49.8 13.3 133 13.4 1.02 0.34 3.50
DM We4L 74.4 36.6 31.0 27.3 3.58 0.52 6.75

“Determined from the derivative of the curve of the CD signal vs temperature. ®Not determined because of an incomplete unfolding transition.
“Calculated from the Cy; value determined by numerical differentiation of the curve together with the wild-type m value. Data for DM H36 are
from ref 26. Not determined because of an incomplete unfolding transition. ¢ Determined by numerical differentiation of the plot of CD signal vs urea

concentration.

denatured state ensemble in which the aromatic residues
may be involved in hydrophobic clusters (7, 36, 37). The second
important effect is that the double mutant cycle cancels desolva-
tion effects to first order (59). Nonetheless, the approach is still
powerful and in this case should be able to deduce which pairs
of aromatic residues interact most strongly. Table 2 summarizes
the experimental interaction free energies determined using
AG®° values from urea denaturation studies. The interaction
free energies between F47 and F58 and between F51 and

F58 are both small, while the interaction energy between
F47and F51islarge. The same result is obtained if the interaction
free energy between F47 and F51 is measured in a DM F38L
background. The fact that a self-consistent rank order is obtained
independent of the background used argues that, while
unfolded state effects may play a role, the qualitative con-
clusion that the F47—F51 interaction is stronger than the
native state F47—F58 or F51—F58 interactions is likely to be
robust.
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Table 2: Double Mutant Cycle Analysis of Apparent Interaction Free
Energies’

AAG(FATFS1)  AAGO(FAT.F58)  AAG°(F51,F58)

background (kcal/mol) (kcal/mol) (kcal/mol)
DM HP36 1.68 0.28 0.09
DM F47L - - 0.58
DM FSIL - 0.77 -
DM FS58L 2.17 - -

“AG° values from the urea unfolding studies were used. Experimental
data were collected at 25 °C and pH 5.0 in 10 mM sodium acetate and 150
mM sodium chloride.

DISCUSSION

By using a hyperstable double mutant which retains the same
fold and core packing as the wild-type subdomain, we have been
able to define the role of the core phenylalanine residues in HP36
and to probe the role of a conserved surface aromatic residue.
Previous attempts to do so have been hindered by the low
stability of the wild-type subdomain. Although mutation of
any one of the core phenylalanine results in a decrease in stability,
none are critical for folding and even a triple Phe to Leu mutant
folds. The W64L mutant confirms the important role proposed
for this residue but indicates that the aromatic—proline interac-
tion is not strictly required to specify the fold (38). F58 is
consistently found to play a larger role than either F47 or F51
in the content of both single and double mutants. These conclu-
sions are independent of whether thermal or urea unfolding data
are used to assess stability. It is interesting to note that mutation
of F58 clearly has a larger effect than mutation of F51 even
though F51 is the central residue in the triad of phenylalanines.
This likely reflects the fact that F58 makes contacts with a larger
number of other residues, including F47, F51, M53, A57, A59,
L61, Q66, and M70 while F51 is involved in long-range contacts
with a smaller number of residues, F47, V50, G52, F58, M 70, and
K73. The double mutant cycle analysis implies a significant
favorable interaction between F47 and FS1. Interaction free
energies involving F58 and the other phenylalanines are much
smaller even though mutation of F58 has the largest effect upon
stability. Again, this likely reflects the fact that F58 makes more
extensive contacts with other hydrophobic core residues than with
F47 or F51. The important role of F58 is broadly consistent with
MD simulations which have examined the folding of HP36 (30).
F58 is located near the N-terminus of helix 2 and make contacts
with both helix 1 and helix 3. The folding scenario derived from
the MD studies is that helix 1 folds after helix 2. In this case, a
correctly positioned F58 in helix 2 will help to stabilize helix 1.

The data presented here clearly demonstrate that aromatic—
proline, aromatic—hydrophobic, and aromatic—aromatic inter-
actions, while important for stability, are not required to specify
the overall fold of the villin headpiece helical subdomain. Many,
but not all, small cooperatively folded domains exhibit aro-
matic—aromatic or aromatic—proline interactions, and this has
led to some speculation that they may be critical determinants of
“mini-protein” folding (43). Clearly, this is not the case for HP36.
It is interesting to speculate if unusual interactions are generally
required to stabilize miniature protein domains. We believe that
this is likely not the case at least for proteins the size of HP36 or
larger since there are several examples, including HP36, in which
aromatic—aromatic or aromatic—proline interactions are not
critical for specifying the fold (60, 61). Important early studies on
protein thermodynamics led to the suggestion that proteins
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needed to exceed a minimum size, estimated to be 50 residues,
to be cooperatively folded (62). There are obviously a number of
examples of proteins that fold cooperatively yet are much
smaller, and this has promoted the idea that small cooperatively
folded proteins require special interactions. However, it is
important to remember that the early thermodynamic analysis
was designed to calculate the minimum size required so that the
AG®° of folding was significantly larger than RT. In fact, all
miniature proteins characterized to data have AG® values which
are only several times RT'(63). Futhermore, their thermodynamic
properties are predicted well by databases derived from larger
proteins (62, 64). Thus, there is no inherent contradiction
between the early thermodynamic analysis and the fact the
proteins of <40 residues can be found which fold cooperatively.
Of course, we do not want to imply that aromatic—aromatic or
aromatic—proline interactions may not be required in specific
cases, but they are clearly not mandatory in all cases. We hope
that the data presented here will provide additional important
benchmarks for theoretical and computational studies of the
folding of HP35 and HP36.
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