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Proline ina-helical kink is required for folding kinetics
but not for kinked structure, function, or stability
of heat shock transcription factor

JEANNE A. HARDY and HILLARY C.M. NELSON
Johnson Research Foundation and Department of Biochemistry and Biophysics, University of Pennsylvania School of Medicine,
Philadelphia, Pennsylvania 19104

~Received July 18, 2000;Final Revision September 1, 2000;Accepted September 8, 2000!

Abstract

The DNA-binding domain of the yeast heat shock transcription factor~HSF! contains a strictly conserved proline that
is at the center of a kink. To define the role of this conserved proline-centered kink, we replaced the proline with a
number of other residues. These substitutions did not diminish the ability of the full-length protein to support growth
of yeast or to activate transcription, suggesting that the proline at the center of the kink is not conserved for function.
The stability of the isolated mutant DNA-binding domains was unaltered from the wild-type, so the proline is not
conserved to maintain the stability of the protein. The crystal structures of two of the mutant DNA-binding domains
revealed that the helices in the mutant proteins were still kinked after substitution of the proline, suggesting that the
proline does not cause thea-helical kink. So why are prolines conserved in this and the majority of other kinked
a-helices if not for structure, function, or stability? The mutant DNA-binding domains are less soluble than wild-type
when overexpressed. In addition, the folding kinetics, as measured by stopped-flow fluorescence, is faster for the mutant
proteins. These two results support the premise that the presence of the proline is critical for the folding pathway of
HSF’s DNA-binding domain. The finding may also be more general and explain why kinked helices maintain their
prolines.

Keywords: a-helical kink; crystallography; folding; heat shock transcription factor

The heat shock transcription factor~HSF! is the principal tran-
scriptional regulator of the heat shock response and is present in all
eukaryotes. HSF binds to upstream activating regions called Heat
Shock Elements~HSEs!. HSEs are composed of multiple inverted
repeats of the sequence “nGAAn.” These HSEs are found in the
promoters of genes involved in the heat shock response. In yeast,
HSF is constitutively bound at some heat shock promoters, and
upon sensing heat shock or other stresses, HSF directs transcrip-
tion ~Jakobsen & Pelham, 1988; Gross et al., 1990; Liu et al.,
1997!. The conserved core of HSF consists of a DNA-binding
domain~DBD! and a trimerization domain~Wu, 1995!. The DBD
contains a “winged-helix-turn-helix” motif~Fig. 1!, and the tri-
merization domain contains a three-stranded coiled-coil~Harrison
et al., 1994; Peteranderl et al., 1999!. This conserved core is flanked
by activation domains and regulatory regions~Sorger, 1990,

Jakobsen & Pelham, 1991; Bonner et al., 1992; Chen et al., 1993;
Hoj & Jakobsen, 1994; Tamai et al., 1994; Cho et al., 1996; Mo-
rano et al., 1999!. The regulation of HSF appears to be complex,
since mutations in a number of regions of HSF can cause both
increases and decreases in HSF activity~Nieto-Sotelo et al., 1990;
Sorger, 1990, 1991; Jakobsen & Pelham, 1991; Silar et al., 1991;
Yang et al., 1991; Bonner et al., 1992; Hoj & Jakobsen, 1994; Hubl
et al., 1994; Tamai et al., 1994; Halladay & Craig, 1995; Sewell
et al., 1995; Morano et al., 1999!. Moreover, the DBD has been
implicated in this regulation~Bonner et al., 1992; Hubl et al.,
1994; Hubl, 1995; Hardy et al., 2000!.

One of the most unusual aspects of the DBD is a conserved
a-helical bulge and kink located in the second helix of the domain,
which is observed in all reported structures of HSF DBD from
yeast, fruit-fly, and tomato~Damberger et al., 1994; Harrison et al.,
1994; Vuister et al., 1994; Schultheiss et al., 1996!. Thea-helical
bulge is caused by the presence of five amino acids in a single
helical turn. Immediately following the bulge is a proline, which is
at the center of a kink. Because of the strict conservation of this
proline, we found it likely to play either a structural role, a func-
tional role, or both.

Prolines are very often found at the N-capping positions of
helices, but are rarely found at internal positions in the helix~Chou
& Fasman, 1974; Levitt, 1978; Richardson & Richardson, 1988!.

Reprint requests to: Hillary C.M. Nelson, University of Pennsylvania
School of Medicine, Department of Biochemistry and Biophysics, 814
Stellar-Chance Building06059, 422 Curie Blvd., Philadelphia, Pennsylva-
nia 19104-6059; e-mail: hnelson@mail.med.upenn.edu.

Abbreviations:CD, circular dichroism; HSF, heat shock transcription
factor; HSE, heat shock element; DBD, DNA-binding domain; GuHCl,
guanidine hydrochloride; prolinecis0trans isomerization,cis0trans isom-
erization of the peptide bond preceding proline in an amino acid sequence.
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Because prolines are imino acids rather than amino acids, they are
generally considered to be helix breakers due to the lack of the
amide proton that normally participates in the hydrogen bonds that
stabilizea-helices. Additionally, the cyclic nature of the pyrrol-
idine side chain of proline restricts the dihedral angles of the
preceding amino acid, diminishing flexibility~Barlow & Thronton,
1988!. Of the 20 naturally occurring amino acids, proline is the
most statistically unlikely of any residue to occupy any of the
positions within the body of the helix~Kumar & Bansal, 1998a!.
Furthermore, the propensity of proline to occur in the middle or
C-terminus of a helix is significantly lower than the propensity of
any other residue to occur at any position~Williams et al., 1987;
Wilmot & Thornton, 1988!. When a proline residue is present in a
helix, the helix is invariably kinked~Barlow & Thronton, 1988;
Kumar & Bansal, 1998a!. Despite the absence of the amide proton
in the proline-containing helices, all of the hydrogen bond accep-
tors are satisfied by hydrogen bonds either within the protein or to
solvent~Barlow & Thronton, 1988; Woolfson & Williams, 1990;
Kumar & Bansal, 1998b!. This is also the case in the bulged-
kinked helix in HSF, which has all of the hydrogen bonds satisfied,
either within the helix or by solvent molecules~Harrison et al.,
1994!.

Surveys of proteins with kinked helices show that the majority
of kinked helices have prolines~Barlow & Thronton, 1988; Kumar
& Bansal, 1998b!. For example, one study analyzed the structures
of all globular proteins that had been solved before 1995 to a
resolution of 2.5 Å or better~Kumar & Bansal, 1998b!. Of the
1,131a-helices, 45~4.0%! were kinked, with an average angle of
336 118. Twenty-five of the 45 kinked helices have a proline at the
center of the kink, and these are kinked by 326 88. Proline-

containing helices appear more commonly in transmembrane pro-
teins than in globular proteins and are believed to be essential to
the activity of many systems~Konopka et al., 1996; Javitch et al.,
1998; Yamaguchi et al., 1999!. For both globular and transmem-
brane proteins, proline-containing helices are always kinked. This
correlation has led to the obvious suggestion that prolines might
cause the kink or stabilize the kinked conformation. Data presented
here and elsewhere suggests that this may not be correct~Alber
et al., 1988; Yuan et al., 1994!.

To probe the role of the conserved proline in the HSF DBD, we
analyzed a series of proline replacement mutants. The proline at
position 6 in the bulged-kinked helix was replaced by various
residues for genetic, biochemical, and structural studies. The pro-
line substitutions did not lower the activity of HSF, nor did they
affect the stability or structure of the domain. However, these
substitutions did decrease the solubility of the DBD when over-
expressed inEscherichia coli, and they also altered the folding
kinetics of the isolated domain. We suggest that the role of the
conserved proline might be to regulate the folding pathway of the
HSF DBD.

Results

Temperature dependent growth of yeast
containing mutant HSFs

HSF is an essential gene in yeast~Nieto-Sotelo et al., 1990; Sorger,
1990!, so it is possible to measure the effect of mutations in the
gene on both viability and growth. Some point mutations in the
DBD of HSF are lethal, some render yeast temperature sensitive,
and other mutations have no negative effect on growth~Silar et al.,
1991; Yang et al., 1991; Bonner et al., 1992; Hubl et al., 1994;
Halladay & Craig, 1995; Sewell et al., 1995; Hardy et al., 2000!.
When conserved residues involved in contacts to DNA are mu-
tated, lethality or temperature sensitivity are usually observed~Hubl
et al., 1994; Littlefield & Nelson, 1999!. The proline at position 6
within helix 2 ~the bulged-kinked helix! is at the center of a kink
that is conserved in all known structures of HSF~Damberger et al.,
1994, 1995; Harrison et al., 1994; Vuister et al., 1994; Schultheiss
et al., 1996; Littlefield & Nelson, 1999!. This structural conserva-
tion of the proline residue led us to ask whether mutations of this
proline would have a similar effect on viability.

Wild-type and mutant versions of full-lengthSaccharomyces
cerevisiaeHSF, under the control of the wild-type promoter on a
low copy CEN0ARS plasmid, were expressed as the only HSF in
a tester strain that had been deleted for the wild-type chromosomal
copy of HSF. These yeast were then tested for their ability to
support growth at a range of temperatures~Fig. 2!. The wild-type
and the proline substitution mutants P6A and P6D did not support
growth at 398, whereas P6K supported growth at this temperature.
Therefore, the substitution of a positively charged lysine at this
position was sufficient to render HSF-containing yeast more viable
than yeast containing wild-type HSF. Substitution of proline by a
neutral residue, alanine, or a negatively charged residue, aspartate,
seemed to have no effect on the activity of HSF as it relates to
survival of yeast.

Transcriptional activity of proline mutant HSFs

To confirm that the P6K mutation was the only mutation to in-
crease HSF’s activity, we compared the transcriptional activity of

Fig. 1. The crystal structure of the DBD ofK. lactis HSF ~Harrison et al.,
1994!. The dashed line connects two ends of a loop that was disordered and
unobserved in the crystal structure. The residues in the bulged-kinked helix
are drawn in dark gray, and the DNA recognition helix is light gray. The
proline at the center of the 298 kink is noted as P6.

Proline kink 2129

 Cold Spring Harbor Laboratory Press on December 29, 2008 - Published by www.proteinscience.orgDownloaded from 

http://www.proteinscience.org
http://www.cshlpress.com


the various mutant HSFs. The yeast strains used above were trans-
formed with a reporter construct, pHSE2-lacZ, which has LacZ
under the control of an HSE-dependent promoter. The HSE within
this promoter is predicted to be fully occupied by HSF under
constitutive conditions~Jakobsen & Pelham, 1988, 1991; Gross
et al., 1990; Giardina & Lis, 1995!. Cells containing mutant or
wild-type HSF and the reporter plasmid were grown at 308C and
either maintained at 308C to assay constitutive HSF activity, or
heat shocked for 20 min at either 37 or 428C to measure inducible
activity. Cell extracts were assayed for the amount of expressed
b-galactosidase.

Under constitutive conditions~i.e., growth at 308C!, P6A and
P6D had essentially wild-type activity~Fig. 3!. The P6K mutant
had significantly greater activity than the wild-type DBD or any of
the other proline substitution mutants. At heat shock temperatures
of 37 or 428C, the activity of P6A or P6D were essentially equiv-
alent to wild-type, whereas P6K had greater than wild-type activ-
ity. The increase in activity for P6K compared to wild-type was
nearly fivefold for constitutive conditions, sixfold at 378, and four-
fold at 428C.

DNA-binding ability of proline mutant HSFs

To investigate whether the proline substitutions affected DNA bind-
ing affinity, truncated versions ofK. lactis HSF containing the
DNA-binding and trimerization domains~DLT ! were purified.
K. lactisHSF functionally substitutes forS. cerevisiaeHSF in vivo
~Jakobsen & Pelham, 1991!, and much of our previous biochem-
ical and structural analyses of yeast HSF have usedK. lactis HSF.
As this data correlates well with the genetic data fromS. cerevi-
siae,we also chose to useKluyveromyces lactisHSF for the sub-
sequent biochemical and structural analyses~Hubl et al., 1994;
Littlefield & Nelson, 1999; Hardy et al., 2000!. The DNA binding
properties of the proline substitution mutants were determined
using the gel mobility shift assay to assess whether their activities
correlate with, or can be predicted by, the DNA binding constant
~Table 1!.

The binding affinities of the proline substitution mutants were
altered from the wild-type HSF by no more than threefold. Spe-
cifically, the DNA binding of P6A was stronger, although this
mutant behaves in the transcriptional and growth assays similarly
to wild-type. The binding of P6K was weaker by approximately
threefold than the wild-type protein, even though P6K had in-
creased activities in the growth and transcriptional activity assays.
This lack of correlation between DNA-binding activities and the
transcriptional activities suggested that the differences in DNA-
binding activity between the proline substitutions may not be im-
portant for HSF function and that the proline substitutions do not
dramatically affect DNA-binding affinity. This was not surprising,
given that the crystal structure of the HSF DBD in complex with

Fig. 2. Growth of yeast strains at various temperatures.A: Yeast strains
containing plasmid-borne wild-type HSF or P6A as the only source of HSF.
B: Wild-type, P6D, and P6K. All strains were grown at 308C to mid-log
phase. These cells were then serially diluted into sterile media~10-fold
dilution at each step!, and spotted onto agar plates to measure growth at 30,
37, 39, or 418C after three days. Plates inA were imaged with a white
background, accounting for the difference in the color of the image com-
pared to the yeast plates inB, which were imaged with a blue background.

Fig. 3. b-Galactosidase expression from an HSE-lacZ fusion. The consti-
tutive ~dark gray!, 378C heat shock~medium gray!, and 428C heat shock
~light gray! levels of expression are shown.

Table 1. Relative binding constants of wild-type and mutant
versions of the DBD on a three-repeat binding site

Protein RelativeKd
a

Wild-type 1
P6A 3
P6K 0.37

aDissociation constants were measured by gel-mobility shift assays and
were normalized against the wild-type value.

2130 J.A. Hardy and H.C.M. Nelson

 Cold Spring Harbor Laboratory Press on December 29, 2008 - Published by www.proteinscience.orgDownloaded from 

http://www.proteinscience.org
http://www.cshlpress.com


DNA shows that the bulged-kinked helix does not make any con-
tacts to DNA~Littlefield & Nelson, 1999!. In addition, HSF is
known to be constitutively bound to strong promoters, so only
changes in the binding affinity that are significant enough to alter
the occupancy at these promoters are likely to affect viability or
transcriptional activity. The level of increase or decrease in disso-
ciation constants observed for these mutant DBDs may not account
for changes in transcriptional activity or viability, as they are not
likely to significantly alter the occupancy of HSF on strong
promoters.

Stability of proline mutants

One of the proposed roles of prolines in kinked helices is to sta-
bilize the kink and therefore the protein. To measure whether sub-
stitution of the proline in the HSF DBD affected stability, versions
of the HSF DBD that contain the mutations P6A, P6K, or P6G
were overexpressed and purified. The CD spectra for the various
mutant DBDs were similar for the mutant and wild-type proteins
and were consistent with the presence of a native, folded protein
~data not shown!.

The thermal melting temperatures of these mutants were deter-
mined by following the loss of CD signal at 222 nm as thermal
denaturation was induced by raising the temperature. TheTm for
each mutant was assigned as the temperature at which 50% of the
protein is unfolded~Fig. 4!. None of the substitutions significantly
affected the stability of the DBD. This maintenance of the stability
of the P6A, P6K, and P6G mutants, taken together with the CD
spectra, suggested that the presence of this proline may not be
required for achieving the native-state fold or stability, and further
prompted the question of why its presence has been conserved.

X-ray crystal structures of the wild-type
and proline mutant DBDs

To see the details of the proline substitutions on the DBDs, we
determined the structures of both the P6K and P6A mutant ver-
sions of the HSF DBD at 2.0 Å resolution, as well as the wild-type

protein at 1.8 Å resolution. All three proteins crystallized in space
group P21212, with two DBD monomers per asymmetric unit. To
determine the structures, we used molecular replacement starting
with the previously reported structure of the wild-type DBD~Pro-
tein Data Bank~PDB! accession number 1HTS with 1 monomer0
asymmetric unit! ~Harrison et al., 1994!. To avoid bias at position 6
in the kinked helix, the initial electron density maps were calcu-
lated from the molecular replacement solutions using a residue
other than the actual residue. These initial maps were super-
imposed with the final models of P6A, P6K, and wild-type to show
the unambiguous electron density for the appropriate residue at
that position~Fig. 5!.

The structures of P6A, P6K, and wild-type HSF DBD in this
space group were nearly identical~Fig. 6!. The root-mean-square
deviations~RMSDs! in backbone coordinates were calculated in
CNS and ranged from 0.56 to 0.93 Å~Table 2!. The magnitudes of
the differences between the two molecules in the asymmetric unit
~molecules a and b, respectively! were on par with the deviations
observed between the different versions of the protein. No overall
structural changes were rendered by the mutations. A superposition
of the a molecules of P6K, P6A, and wild-type DBD underscores
the fact that P6A, P6K, and wild-type DBDs have nearly identical
structures~Fig. 6A!.

The N-terminus of the helix and the C-terminal turn also super-
imposed very closely~Fig. 6B!. The residues in the kink~centered
around position 6! showed the greatest deviation from the mean
structure, not only for this helix, but also for the entire protein.
Although these changes in structure of the kink were minor, they
may be important, given the tight conformational identity overall.
Substitution of the proline at position 6 resulted in a slight shift in
the Ca position in the mutant proteins~Fig. 6C,D!. This movement
is reflected in the changes in thef-c angles upon comparing P6K
and P6A to wild-type, which are small in most regions of the
protein, on average about 108. The greatest changes inf-c angles
are in the immediate vicinity of the kink. The four residues before
the proline were 10–308 different than wild-type and one residue
following the proline hadf-c angles that were 110–1208 different
when comparing each of the structures to one another. These changes
in angle are likely to be real differences given that the cross-
validated sigmaa coordinate errors~calculated in CNS; Brünger
et al., 1998! for P6K, P6A, and wild-type were 0.16, 0.14, and
0.17 Å, respectively, and the RMSD for angles for P6K, P6A, and
wild-type were 1.17, 1.60, and 1.248, respectively. Although it is
formally possible that these subtle structural changes are respon-
sible for the observed changes in activity, we think this situation
unlikely.

The mutation of the proline at the center of the kink has not
resulted in loss of the kink. In fact, these mutations are close to
structurally silent outside the immediate context of the mutation.
The motivating question from this work remains: if P6A, P6K, and
wild-type are virtually superimposable, and have unperturbed sta-
bilities and undiminished function, then what is the role of the
conserved proline in this protein?

Folding kinetics of proline mutant HSFs

The conservation of the proline residue at the center of the helical
kink in HSF and other proteins suggests that the prolines in kinked
helices may be conserved for a reason. One of the only character-
istics of the mutant HSF DBDs that differs from the wild-type
DBD is their solubility inE. coli after overexpression. The mutant

Fig. 4. Thermal denaturation profiles. The thermal melting of wild-type
and mutant DBDs was followed by CD at 222 nm. Melting temperature
~Tm! is assigned to the temperature at which 50% of the protein is folded
and are listed in the box in the upper right-hand corner.
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proteins were invariably insoluble upon overexpression, whereas
the wild-type protein was fully soluble. Even in experiments de-
signed to purify wild-type DBD from the insoluble portion of the

lysed E. coli in which it was overproduced, no wild-type DBD
could ever be observed in the insoluble fraction. Aggregation of
proteins has been implicated as an indicator of partially folded,
unfolded, or misfolded proteins. Misfolded and aggregated pro-
teins have been implicated in several pathological states~Kurada
& O’Tousa, 1995; Kuznetsov et al., 1996; Liu et al., 1996; Oksche
et al., 1996; Prusiner, 1997; Gow et al., 1998!. We hypothesized
that the protein-folding pathway for the mutants might be altered
relative to wild-type.

A series of stopped flow kinetic refolding assays was performed
by rapidly diluting the variants of the DBD denatured in 3 M
guanidine to the refolding conditions of 0.6 M guanidine. The
refolding was followed by tryptophan fluorescence~Fig. 7!. The
kinetics of P6K, P6A, and P6G are all clearly increased relative
to wild-type. Both P6A and P6K folded with similar kinetics
~Fig. 7A,B,E!, whereas P6G was different from both wild-type
and the other two mutants~Fig. 7D!.

Neither the wild-type nor the mutant refolding data could be
fitted to a single exponential curve. In all cases, a double expo-
nential expression was required to attain the proper fit of the curve
to the data. The replacement of the proline affected both the fast
first ~kf1! and the slower second folding~kf 2! phases for P6A and
P6K ~Table 3; Fig. 7H!. Interestingly, the P6G mutation only dra-
matically affected the fast folding phase while the slow phase was
similar to wild-type ~12.5 vs. 13.9 s21!. The requirement for a
double exponential equation to adequately fit the folding curves
was evidence for the formation of a kinetic intermediate in the
folding pathway that accumulates between the first fast and second
slower phases of folding~Fig. 7H!. It is the accumulation of this
type of intermediate that could lead to aggregation.

For each of the proteins, these two phases of the folding reaction
occur much too rapidly to be attributable to changes in proline
cis0trans isomerization, which usually occurs with an uncatalyzed
rate on the order of seconds to minutes~Grathwohl & Wüthrich,
1981; Schmid, 1993!. Because prolinecis0trans isomerization is a
known determinant in the folding of many proteins, we sought to
identify a folding rate controlled by prolinecis0trans isomeriza-
tion. A third ~much slower! rate constant as would be expected for
proline cis0trans isomerization could not be identified, as fitting
of a three exponent expression resulted in a third rate that was
identical to the second rate constant and did not improve the fit.
Nevertheless, the slope of the curves at late time points for the
wild-type protein were on the order of 0.16, whereas the mutant
slopes were always fitted to values of;0.04 or less. The nonzero
slope for the wild-type may actually be masking a third folding
phase that makes up very little amplitude of the total signal and
occurs on a very slow timescale, as is normally attributed to pro-
line cis0trans isomerization~Schmid, 1993!. The HSF DBD con-
tains two other prolines~P195, P226! in addition to the one at the

Fig. 5. The initial electron density maps calculated from the molecular
replacement solutions are shown above superimposed with the final refined
model of the~A! wild-type, ~B! P6K, or ~C! P6A structures, in ball-and-
stick representation. The~A! proline,~B! lysine, or~C! alanine at the center
of the image is at position 6 of the DBD. The maps are drawn as a wire
mesh contoured at 1.0s. The map for the P6K DBD was calculated based
on the wild-type model with proline truncated to alanine at position 6. The
P6A map was calculated with a model containing proline a position 6, and
the wild-type map was calculated with the P6K model. This figure was
generated using O~Jones et al., 1991! and MOLSCRIPT~Kraulis, 1991!.
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center of the helical kink~P6 is P237!; all three of them are in the
trans isomer in the native state~Harrison et al., 1994!. Although
P195 is a highly conserved residue, its placement as the third
residue from the N-terminus of the domain, outside the core of the
protein, makes it unlikely to be important in folding of the DBD.
P226 is not a conserved residue and acts as an N-capping residue
for the bulged-kinked helix. Since a nearly zero baseline was ob-
served for substitutions at P237~P6A, P6K, or P6G!, cis0trans

isomerization of the other two proline residues~P195, P226! is not
likely to be involved in the folding pathway, whereascis0trans
isomerization of the proline at the center of the helical kink~P237,
denoted P6! may be involved in the latest steps of folding.

For proteins that fold with bi-phasic kinetics, the energy barrier
that leads to the slower rate constant for the folding reaction should
control the reverse~unfolding! reaction~Fig. 7H!. Unfolding rates
of wild-type, P6A, P6K, and P6G were measured by rapid dilution
of the DBD variants from no denaturant to high guanidine con-
centration~3.8 M!, and the reactions were followed by tryptophan
fluorescence~Table 3; Fig. 7F,G!. All unfolding curves could be
unambiguously fitted to a single exponential expression. The un-
folding rates of P6K and P6A were similar~0.9 and 1.0 s21!, as
were the unfolding rates for P6G and wild-type~4.9 and 4.2 s21!.
The unfolding rates for all of the variants were correlated linearly
with the slow rate constant for the folding reaction~R 5 0.968,
significant with.95% confidence interval!. This correlation was
an indication that the unfolding reaction is indeed controlled by the
same energy barrier that leads to the slow folding phase. It also
independently suggested that the rate constants attained from the
fitting to the folding curves are accurate.

Discussion

Role of HSF’s helical proline

Many aspects of the proline-substituted mutants in the HSF DBD
have been characterized. These mutants have equivalent or in-
creased activity, so this proline has not been conserved for func-
tion. Additionally, the stability of the proline-substituted mutants is
unaltered from wild-type, so the proline has not been conserved to
maintain stability. The crystal structure of the DBD is practically
invariant from wild-type in the presence of either the P6A or P6K
mutations; therefore, the proline has not been conserved to main-
tain the native-state kinked structure.

If not for structure, function, or stability, why has proline been
conserved, particularly if other residues are equivalent? P6A, P6K,
and P6G vary from wild-type in two ways: their solubility upon
overexpression and their folding kinetics. Changes in the kinetic
folding pathway of various proteins have resulted in their observed
insolubility ~Ramm et al., 1999!. When overexpressed, the proline-
substituted DBDs are invariably insoluble. Substitution of alanine,
lysine, or glycine for proline alters the protein folding pathway.
This change in the folding pathway does not appear to be due to
loss of the constraints imposed by prolinecis0trans isomerization,

Fig. 6. The superpositions of wild-type, P6K, and P6A DBD structures.
The models above show wild-type in red, P6K in blue, and P6A in cyan.
All alignments were performed with ALIGN software~Satow et al., 1986;
Cohen, 1997!, and models were rendered using InsightII version 97.0
~Molecular Simulations Inc., San Diego, California!. A: Superposition of
the wild-type, P6A, and P6K DBDs.B: A stereo diagram of the bulged-
kinked helix and the turn that follows in the three versions of the HSF
DBD. The residue a position 6 is marked to indicate the location of the
mutations.C: A close-up view of the residues at position 6 in the bulged
kinked helix to show the relative orientations of the wild-type proline, or
the lysine or alanine that were substituted at that location.D: The same
view as inC, but rotated by 908. The residues in the turn are visible behind
the position 6 residues in this orientation.

Table 2. RMSDsa between P6K, P6A, and wild-type DBDs

P6K - a P6K - b P6A - a P6A - b W.T. - a W.T. - b

P6K - a — 0.9107 0.7014 0.9581 0.8244 0.8633
P6K - b — — 0.7876 0.5581 0.8739 0.6706
P6A - a — — — 0.8424 0.8114 0.9272
P6A - b — — — — 0.8796 0.7107
W.T. - a — — — — — 0.7665
W.T. - b — — — — — —

aCalculations of RMSD~Å! were performed independently using CNS
~Brünger et al., 1998! on molecules a and molecule b from the asymmetric
unit of P6K, P6A, and wild-type, respectively.
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Fig. 7. Folding and unfolding kinetics measured by stopped-flow fluorescence. The refolding of wild-type, P6A, P6K, and P6G were measured by rapid
dilution of DBD from 3M GuHCl to 0.6 M GuHCl. The unfolding kinetics were measured by rapid dilution from 0 to 3.8 M GuHCl. Data were normalized
to a relative fluorescence scale from 0 to 1 to allow comparison of the data from various mutants. For ease of comparison of folding of~A! wild-type to
P6A, ~B! wild-type to P6K,~C! wild-type to P6G,~D! wild-type to P6G, and P6K,~E! P6K to P6A are shown.~F! The folding and the unfolding kinetics
of P6K. ~G! The unfolding kinetics of all three mutants, P6A, P6K, P6G, and wild-type.~H! A model reaction coordinate for the folding and unfolding
reactions of the HSF DBD. The energy barriers controlling the formation of the native state~N!, intermediate~I !, and unfolded~U! states are diagrammed
as a function of the free energy of the reaction. The rate constantskf1 andkf 2 are for the first, fast and second, slower folding rates. The unfolding reaction
is controlled by the same energy barrier as the second step of the folding reaction and exhibits the unfolding rate constantkuf1.
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as the increases in rate constants were present in the fastest phase
of folding, which, even for wild-type, is much faster than the rate
of proline cis0trans isomerization.

The folding rate constants suggest the formation of an inter-
mediate in the folding pathway for both the wild-type and mutants
~Fig. 7H!. The first, fast phase of folding occurs more rapidly for
P6A, P6K, or P6G than it does for wild-type, so the intermediate
accumulates to a greater extent for the mutant proteins than for
wild-type. The native proline attenuates the fast rate of folding, and
its presence prevents accumulation of a kinetic intermediate that is
apparently prone to aggregation. Is folding a characteristic that
could be selected evolutionarily? Partially folded intermediates are
known to be prone to aggregate. Any protein prone to aggregation
during expression is equivalent to a hypo-active mutant in cost to
the cell, since both require increased expenditure of cellular re-
sources to achieve the same level of HSF activity. Therefore, the
kinetic folding pathway may indeed be an evolutionarily selectable
trait.

If the proline is conserved to prevent formation of a folding
intermediate and its subsequent aggregation, it is interesting that a
relatively slight increase in the ratio of the two rate constants can
account for such a dramatic change in the ability of these proteins
to aggregate. The wild-typekf1 rate constant is 3.4 times that of the
kf 2 constant. The ratio ofkf1 to kf 2 for the mutants increases to only
4.6, 4.4, or 6.0, but appears to be sufficient to change the solubility
properties of these proteins. Approximately 44% of kinked helices
do not have prolines. These findings predict that proteins contain-
ing nonproline-centered kinks do not need to avoid populating a
kinetic intermediate like that formed in the P6K, P6A, and P6G
mutants.

The mechanism by which proline substitution leads to faster
folding is not clear. One possibility for the faster folding rates is
that substituting proline with any other amino acid, all of which
have increased allowable torsion angles, expands the productive
conformations that are populated during folding. If this is the case,
then replacing proline in other elements of secondary structure
might likewise increase the folding kinetics in a fast phase~i.e.,
one not controlled by prolinecis0trans isomerization!.

There are alternative explanations that also provide a rationale
for the conservation of the proline in the native state. For example,
the structural basis for the kink could be overdetermined, with
other tertiary interactions in addition to the presence of the proline
providing the necessary stability. If the proline is involved in the
folding kinetics, it might be required at early stages of folding to
maintain the kink in the absence of these other tertiary interactions.
Or, it might be selected for its ability to disfavor alternative struc-

tures that might form under adverse conditions, such as aggregated
beta-like structures. These alternatives could be differentiated by a
more extensive study of the folding pathway of HSF’s DNA-
binding domain.

Basis of P6K’s increased activity

The mutants P6A, P6K, and P6G have stabilities and structures
that are essentially unperturbed from wild-type. The activity of
P6G was not characterized, but the activity of P6A is indistinguish-
able from wild-type in both growth andb-galactosidase assays. In
the series of proline-substituted mutants, only one mutant, P6K,
has an altered activity either in vitro~b-galactosidase assay! or in
vivo ~growth at 398C!. Substitution of proline by alanine does
very little to change the molecular surface of that face of the
protein ~Fig. 8!. Proline and alanine are both uncharged amino
acids, so the surface potentials of P6A and wild-type are virtually
identical. The substitution of proline by lysine, on the other hand,
incites a much more dramatic effect, and the molecular surface is
also significantly altered. It may be a combination of its length
~lysine is one of the longest amino acids! and its charge that is
responsible for its increase in activity.

Introduction of a negative charge does not have the same effect,
as the P6D mutant has wild-type temperature-dependent viability
and transcriptional activity. This suggests that insertion of a charge
per seis not sufficient to increase activity. Given that the positively
charged mutant has increased activity, whereas the negatively
charged mutant has unaltered activity, it may be reasonable to
conclude that this difference is mediated specifically by the posi-
tively charged residue. The structure of the HSF DBD in complex
with DNA shows that the kinked helix is exposed on the opposite
face of the complex from the DNA, in a position available for
interaction with an ancillary factor or a regulatory region of HSF
~Littlefield & Nelson, 1999!. A novel positive charge could phys-
ically disrupt or form a salt bridge, or disrupt a hydrophobic in-
teraction. Thus, this heightened activity of P6K might occur via
either of two mechanisms: by disrupting an interaction necessary
for negative regulation or by enhancing an interaction necessary
for activation, making activation more probable and frequent.

Comparisons of proline substitution mutants
to bulge mutants in HSF’s DBD

We have previously reported the effects of deletion of residues
from within the bulge that is adjacent to the proline-centered kink,
and which is also strictly conserved amongst all HSFs. These

Table 3. Rate constants for DBD refoldinga

Protein
kf1

~s21!
t102folding

~ms!
kf 2

~s21!
t102folding

~ms! kf10kf 2

kuf1

~s21!
t102unfolding

~s!

Wild-type 42.36 1.5 24 12.56 0.6 80 3.4 0.96 0.1 1.1
P6A 80.86 2.4 13 17.76 1.1 56 4.6 4.96 1.3 0.2
P6K 78.46 5.1 13 18.060.9 56 4.4 4.26 0.8 0.2
P6G 83.26 8.4 12 13.960.5 72 6.0 1.16 0.3 0.9

aRate constants and half-times for the folding reaction~t102! shown above are the average from
the data fitted from each of five stopped flow refolding experiments or four stopped flow unfolding
experiments.
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deletions result in the thermal destabilization of the mutant pro-
teins. Nevertheless, the deletion mutants are more active than wild-
type in both ability to grow at elevated temperatures and in
transcriptional activity. We had suggested that the DBD may sense

heat shock directly: the deletion mutants, due to their diminished
thermal stability, may be induced to a transcriptionally activated
state at a lower temperature~Hardy et al., 2000!.

The mutant P6K exhibits a growth phenotype and an in vivo
activity that is analogous to the increase in activity that we ob-
served for the deletion of residues within the bulge, suggesting
that, like the deletion mutant proteins, P6K may have altered ther-
mal stability. This is not the case. Unlike the bulge mutants, the
stability of P6K is virtually indistinguishable from wild-type. It is
notable that the same phenotype~increased growth and transcrip-
tional activity! can possibly be achieved by two distinct mecha-
nisms. Whereas negative regulatory events that keep HSF in a
repressed state in the absence of heat may be prematurely termi-
nated by the bulge mutants in the presence of heat, these or similar
interactions may be disabled though the introduction of a posi-
tively charged lysine on the surface of the protein.

Substitution of other helical prolines yielded similar effects
on structure, function, and stability

Two studies in addition to ours have addressed the role of prolines
in helical kinks. In T4 lysozyme, a proline within a 310 helix was
replaced by 10 other amino acids~Alber et al., 1988!. The struc-
tures of the 10 mutants at position 86 shows that all of the sub-
stituted residues maintain the kink, even though they also extend
the helix by one turn in the N-terminal direction. In addition, all of
substitution mutants have thermal stabilities within several degrees
of wild-type, and most also have only mildly diminished activity
~Alber et al., 1988!. Therefore, the proline is not necessary for the
structure or stability of kinked conformation.

Fis, anE. coli factor that stimulates inversion by the Hin family
of recombinases, also contains ana-helical proline that is at the
center of a 208 kink. Substitution of proline 61 by alanine main-
tains a 168 kink in the helix and increases the thermal stability of
the protein by 158C ~Yuan et al., 1994!. Substitution of proline by
serine, leucine, or alanine all result in increased thermal stability.
This suggests that this proline was not responsible for forming the
helical kink, but may be present to modulate stability to the ap-
propriate level.

The major structural implication of our study of the HSF DBD
concurs with these previous studies. Any of the residues that re-
placed proline were capable of maintaining the kinked conforma-
tion, suggesting that proline residues do not cause helical kinks. In
addition, any of the residues that replaced proline also maintained,
or even increased, the thermal stability of the protein, suggesting
that proline residues are not required to stabilize kinked helices. To
date, the folding kinetics of the Fis and T4 lysozyme proline-
substitution mutants have not been reported, but it would be fas-
cinating to know whether these substitutions alter the folding kinetics
similarly to the HSF mutants.

Statistically, prolines are the least likely of any residue to occur
in an a-helix, and their propensities to occur in the middle or
C-terminus of a helix are significantly lower than the propensity of
any other residue to occur at any position~Williams et al., 1987;
Wilmot & Thornton, 1988; Kumar & Bansal, 1998a!. Nevertheless,
when prolines are observed in helices they are strongly correlated
with the presence of a kink, as the majority of kinked helices
~56%! are centered on a proline residue. If any residue can accom-
plish the kinked conformation, with native or greater stability, with
no negative effect on function, then all residues should have equal
representation at the centers of kinked helices. The preponderance

Fig. 8. Molecular surface representations of P6K, P6A, and wild-type. The
molecular surface highlighting the change in the surface shape of~A! P6K,
~B! P6A, and~C! wild-type molecules are drawn in gray with the residue
at position 6 colored white. Surface renderings were made using GRASP
~Nicholls et al., 1993!. All molecules are shown in the same orientation.
The large protrusion on the left side of the protein is the wing, and the
bulged-kinked helix runs horizontally along the front of the surface.
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of prolines observed in kinks also lends credence to our suggestion
that the prolines have been selected for a reason. We suggest that
one reason may be to regulate the folding pathway and prevent the
accumulation and subsequent aggregation of a kinetic intermediate.

Materials and methods

Protein nomenclature

HSF from eitherK. lactisor S. cerevisiaewere used in the different
experimental procedures. The core regions of HSF fromK. lactis
andS. cerevisiaeare highly homologous and available data suggest
that HSF from these two yeast are conserved both structurally and
functionally.K. lactiswas chosen for biochemical and biophysical
analysis because of the structural data available.S. cerevisiaewas
used for in vivo analysis because of the ease of genetics in that
system. An alignment of the sequences of the second helices of the
DBDs from K. lactis andS. cerevisiaeis shown here:

228 RERFVQEVLPKYF 240 K. lactis
206 REEFVHQILPKYF 218 S. cerevisiae

The amino acids in the bulged region, highlighted above, have
been numbered sequentially from 1–4~Hardy et al., 2000!. The
proline at position 6, the center of kink, is underlined. The follow-
ing abbreviations were used:

Mutant abbreviation K. lactis mutation S. cerevisiaemutation

P6A P237A P215A
P6K P237K P215K
P6G P237G P215G
P6D P237D P215D

Construction of yeast strains and test for viability
of mutant strains

The construction of pHN1031, theS. cerevisiaefull-length HSF
expressed from its own promoter on a yeast CEN0ARS plasmid,
has been previously described~Hubl et al., 1994!. Mutations in this
plasmid were introduced by a mega-primer polymerase chain re-
action~PCR! approach and confirmed by DNA sequencing. These
plasmids were introduced into the tester strain PS145, which car-
ries theHSFD2::LEU2 chromosomal deletion, as well as aURA3-
marked plasmid containing the wild-type HSF gene under the control
of aGAL1promoter~Sorger & Pelham, 1988!. Transformants were
plated on media-containing dextrose to ensure expression of HSF
only from its own promoter~Hubl et al., 1994!. Once it was
obvious that the deletion mutants would support growth, the URA3-
marked plasmid containing theGAL1:HSF fusion gene was re-
moved from the strain by growth in the absence of its selective
marker and subsequent testing to ensure its loss. Further studies of
viability and temperature dependence were performed on the strains
expressing only the wild-type or mutant versions of HSF from the
CEN0ARS plasmid. Cultures were grown from a single colony in
selective liquid media for 8 h. The OD600 was then measured. All
strains were diluted to the same cell density, then serially diluted
in sterile media, spotted on the agar plates, and grown at 308

~constitutive temperature!, or 37, 39, or 418C ~heat shock temper-
atures! for three days to measure growth.

b-Galactosidase assay

The strains derived for testing viability and thermotolerance were
transformed with the plasmid pHSE2-lacZ, which has an HSE
inserted into a disabledCYC1promoter upstream of thelacZ gene
~Sorger & Pelham, 1987!. The HSE sequence in this promoter is
AGAAGCTTCTAGAAGCTTCTAGAGGATCCC, where con-
sensus GAA repeats are in bold. Yeast were grown on selective
synthetic media at 308C to mid-log phase~OD600 0.2–0.6! over a
12 to 18 h period. Three aliquots were dispensed into 15 mL tubes
such that each aliquot gave the equivalent of 5 mL of cells at an
OD600 of 0.2. The control aliquot was maintained at 308C. Other
aliquots were shocked at 37 or 428C for 20 min, then were allowed
to recover for 90 min to allow expression ofb-galactosidase. All
cultures were harvested by centrifugation at 48C. b-Galactosidase
activity was determined as previously described~Hardy et al.,
2000!. Each reported activity was an average of four experiments,
where all strains were assayed on each of four days.

Overexpression and purification of HSF fragments containing
the DNA-binding and trimerization domains

The expression plasmid pHN208, previously described as HSFDT

~Rye et al., 1993!, is a derivative of pET-3b~Studier et al., 1990!.
It contains the coding sequence forK. lactis HSF amino acids
192–394, which includes the DNA-binding and trimerization do-
mains, generating a 23.7 kD protein. Mutations in the proline were
introduced into pHN208 by PCR mutagenesis and confirmed by
DNA sequencing.

Wild-type and mutant protein were expressed and purified iden-
tically, as previously described~Hardy et al., 2000!. The protein
was then stored on ice and used within one week of purification.
Protein concentrations were determined with an extinction coeffi-
cient of 33,700 cm21 M21, which was calculated from the tyrosine
and tryptophan content of the proteins. Samples of all mutant
proteins were also analyzed by analytical reversed-phase high-
performance liquid chromatography to more accurately determine
purity; the values between 86 and 95% were used to adjust the
protein concentrations appropriately.

DNA-binding assays

Binding of mutant HSF DNA-binding and trimerization domains
to DNA was performed as previously described, using the 145 bp
HSE-containing fragment from the plasmid pBL2~Drees et al.,
1997!. The HSE in the DNA probe is AGAATATTCTAGAAA,
where GAA repeats are shown in bold. Binding assays were per-
formed at room temperature; however, the results at room temper-
ature and 48C were the same for wild-type protein~Hardy et al.,
2000!. Dried gels were used to expose Molecular Dynamics Phos-
phorImager plates, which were then scanned on the Molecular
Dynamics PhosphorImager. The signals of unbound bands and all
bands from bound species were quantified using Molecular Dy-
namics ImageQuant. To estimate binding affinity, the amount of
bound DNA was graphed against protein concentration and fitted
to a rectangular hyperbola. The data from four independent exper-
iments were used for the curve fitting. TheKd was measured as the
protein concentration at which 50% of the DNA was bound. The
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analysis did not address cooperativity of binding of additional
trimers of HSF to the DNA; only global dissociation constants
were obtained.

Overexpression and purification of the DBD

The expression plasmid pHN212 described previously~Harrison
et al., 1994! is a derivative of pET-3b~Studier et al., 1990! and
contains the coding sequence forK. lactisHSF amino acids 194 to
282, which includes the DBD, generating a 10.9 kD protein. pHN212
was mutated to replace arginine codons that are infrequently used
in E. coli, and that in previous studies were often translated as
lysine instead of arginine. Site-directed mutagenesis was used to
replace the codons for residues R194, R228, R275, and R282*~a
C-terminal artifact of the cloning procedure! to the codon CGC, a
commonE. coli arginine codon. This new plasmid, pHN212R, was
subsequently mutated by site-directed mutagenesis to change the
proline to other residues. All mutations were confirmed by DNA
sequencing.

Mutant and wild-type proteins were overexpressed inE. coli
strain BL21~DE3! containing the pLysS plasmid~Studier et al.,
1990!. Purification of the wild-type DBD has been described pre-
viously ~Harrison et al., 1994!. The mutations introduced for this
study rendered the mutant DBDs less soluble upon overexpres-
sion than wild-type DBD. Therefore, they were purified by an
alternative method for insoluble DBDs, which has been previously
described~Hardy et al., 2000!. Qualitatively, the amount of over-
expressed mutant protein seemed to vary based on the mutation
present. Specifically, much more P6G was typically expressed than
P6A or P6K. We speculate that the expression levels may be re-
lated to the solubility and folding kinetics of that version of the
protein. All protein concentrations were determined with extinc-
tion coefficient of 25,400 cm21 M21, which was calculated from
the tyrosine and tryptophan content of the proteins.

Circular dichroism spectroscopy

Lyophilized wild-type and mutant HSF DBD constructs were re-
suspended in water then diluted to 20mM in 20 mM citrate0
phosphate buffer~pH 4!. CD spectra were recorded on an AVIV 60
DS spectropolarimeter at 48C. Measurements were taken at 1 nm
intervals with a 1 stime constant and 1.5 nm bandwidth. A path-
length of 0.1 cm was used. The thermal melting of these constructs
was followed at 222 nm. The temperature was raised by 18C at
each step, using a 5 min equilibration time, 10 s averaging time,
and 1.5 nm bandwidth. The temperature at the inflection point of
the cooperative unfolding curve was assigned as the Tm.

Crystallization

Crystals of P6A, P6K, or wild-type DBD were grown under sim-
ilar conditions. P6A, P6K, or wild-type DBD that had been puri-
fied and lyophilzed were suspended at concentrations of 5 to 12
mg0mL in water, then incubated for 25 min at room temperature
before the protein was added to buffer-containing solutions. P6K
and P6A each crystallized in 22–30% PEG 4K, 50–200 mM am-
monium acetate, and 100 mM citrate buffer~pH 5.6 to 6.2!. The
crystals form as clustered or single thin square plates of up to 0.23
0.23 0.05 in 48 hanging drop vapor diffusion drops in 1–2 weeks.

Electrospray ionization mass spectrometry of P6A after purifi-
cation indicated that the molecular weight, as expected, was 10,907

Da. Following crystallization of P6A, a crystal grown in the same
tray as the crystal from which the data were collected was dis-
solved and analyzed by mass spectroscopy. Three distinct species
were present in the sample: a 10,907 Da species, which is the
calculated molecular weight of P6A, a 10,922.4 species, which
corresponds to a singly oxidized form of P6A~10,9071 16 5
10,923!, and a 10,938.7 Da species, which is believed to be a
doubly oxidized P6A. The most likely candidate for oxidation was
methionine, but this cannot be determined from mass spectrom-
etry. These molecular weight species confirmed the identity the
P6A mutant. The majority of the protein in the crystal was oxi-
dized, suggesting that oxidation may be a prerequisite for crystal-
lization in this space group.

Structure determination

Crystals were soaked for 1 min in an artificial mother liquor so-
lution that was freshly prepared of the same components as had
produced the drop plus 10% methylpentanediol, and then frozen in
liquid nitrogen for data collection. The two mutant versions of the
DBD, P6K, and P6A, both crystallized in nearly identical unit cells
to wild-type, in the space group P21212 ~see table below!.

Protein
a

~Å!
b

~Å!
c

~Å! a 5 b 5 g

P6K 57.12 63.16 50.19 908
P6A 57.22 63.05 50.16 908
Wild-type 56.8 64.10 50.90 908

Data for P6A and wild-type that were used in refinement were
collected at the Stanford Synchrotron Radiation Laboratory beam-
line 7–1, using a wavelength of 1.08 Å. Data for P6K that were
used for refinement were collected at beamline X12B at the Na-
tional Synchrotron Light Source at Brookhaven using a wave-
length of 1.06 Å. The data were processed using DENZO and
SCALEPACK ~Otwinowski & Minor, 1996!. Data reduction sta-
tistics are shown in Table 4.

Based on the unit cell dimensions listed in the table above, and
the calculated Matthews coefficient~Vm!, two molecules are likely
to comprise the asymmetric unit. TheVm for one molecule in the
asymmetric unit is 4.1, indicating a 70% solvent content, whereas
the Vm for two molecules in the asymmetric unit is 2.05, which
suggests a solvent content of;40%. Given that these crystals
diffracted to relatively high resolution, it appeared likely that two
molecules were present in the asymmetric unit.

The P6K structure was solved by molecular replacement using
the aMoRe package~Navaza, 1994!. The search model was based
on the structure of the HSF DBD~PDB accession number 1HTS!,
previously determined in the space-group P212121 with one mol-
ecule in the asymmetric unit~Harrison et al., 1994!. The model
that yielded the proper solution contained residues 193–262 and
272–284, which includes all of the residues that are present in the
construct except a portion of the extended wing, which is known
to be flexible~Damberger et al., 1994, 1995; Harrison et al., 1994!.
All side chains were contained in the model, except residue 237,
where the proline side chain was truncated to an alanine.

Molecular replacement resulted in two clear solutions, corre-
sponding to the two molecules in the asymmetric unit. The two
molecules were denoted molecules a and b, respectively. The re-
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sulting electron density map, calculated at 2.0 Å resolution, was
easily interpretable. Density was observed for all residues except
the two amino terminal residues~193–194! in both the a and b
molecules, and the carboxyl-terminal three residues~an artifact of
the cloning procedure! in the a molecule. The missing residues
were not included in the subsequent models. Refinement consisted
of iterative rounds of model rebuilding in O~Jones et al., 1991!
and subsequent simulated annealing, restrained isotropic temper-
ature factor refinement, bulk solvent correction and monitoring the
free R-factor with 10% of the data omitted using CNS~Brünger
et al., 1998!. Statistics for the refinement process and the final
models are listed in Table 4.

As P6A and wild-type DBD each crystallized in a space group
that was isomorphous to that of P6K, it was possible to solve the
structures directly using the final P6K model without having to
perform either molecular replacement or calculate a difference
Fourier map. Refinement for both P6A and wild-type was carried
out using iterative rounds of O and CNS, in similar fashion to the
P6K refinement.

The final models of all of the proteins show good geometry with
no outliers in the Ramachandran plot. For P6K molecules a and b,
P6A molecules a and b and wild-type a and b, respectively, 90.2,
90.5, 86.4, 90.5, 91.4, and 91.6% of residues were in the most
favored regions of the Ramachandran plot. Models shown in the
manuscript were rendered with MOLSCRIPT~Kraulis, 1991!, or
InsightII ~Molecular Simulations, Inc., San Diego, California!. Co-
ordinates have been deposited in the Protein Data Bank and have
been assigned the accession codes 1FBU for wild-type, 1FBQ for
P6K, and 1FBS for P6A.

Tryptophan fluorescence measurements

Steady state fluorescence was measured on an F-2000 fluorescence
spectrophotometer~Hitachi, Inc.! at 258 using excitation and emis-
sion wavelengths of 295 and 346 nm, respectively. Samples were
prepared as 5mm DBD in 20 mM Tris ~pH 7.5!, in the pres-
ence or absence of various concentrations of the denaturant guani-
dine hydrochloride. TheCm for the unfolding of all versions of
the HSF DBD was;1.95 M guanidine hydrochloride. Both wild-
type and mutant protein were fully unfolded in concentrations of
guanidine hydrochloride greater than 3 M, and fully folded at
concentrations less than 1 M asindicated by fluorescence inten-
sity. This indicated that the DBD could be rapidly diluted from
3 M or greater guanidine to concentrations less than 1 M to
measure refolding kinetics, and vice versa for unfolding kinetic
measurements.

Kinetic measurements were performed on a Bio-logic SFM4
stopped flow module~Molecular Kinetics, Inc., Pullman, Wash-
ington!. For refolding kinetics, samples were prepared as 50mM
DBD in the presence of 20 mM Tris~pH 7.5! and 3 M guanidine
hydrochloride. This solution was rapidly diluted by a 1:5 dilution
into buffer free of guanidine hydrochloride. The calculated dead
time of the instrument was 2.3 ms. Kinetics of refolding were
followed by fluorescence that was excited with 280 nm and 1 mm
slit width and emission with a 300 nm cutoff filter. Curve fitting
was performed Bio-kine software~Bio-logic Co., Echirolles, France!.
Data were fit with either single exponential functions or a sum of
two exponential functions for bi-phasic kinetics using the follow-
ing equations:Y 5 at 1 b 1 c1e2kf1t or Y 5 at 1 b 1 c1e2kf1t 1
c2e2kf 2. Y is the measured fluorescence,a is the slope,b is the
offset, c1 and c2 are the amplitudes, andk1 and k2 are the rate
constants for the two phases of folding. As is the case with most
curve fitting routines, curves with a wide range of rate constants
could be fitted to the same curve with equivalent values of the
statistical validation, in this casex2 values. To confirm that the
appropriate expression was selected, it was imperative to closely
monitor the residual fitting values. The expression with the lowest
rate constant with unbiased residual values was selected.

Unfolding kinetics were measured using the same instrument.
Wild-type or mutant DBD at 50mM in 20 mM Tris ~pH 7.5! were
rapidly diluted with guanidine hydrochloride by a 1:6.67 dilution
to a final guanidine concentration of 3.8 M. Fitting of the unfold-
ing curves was done with a single exponential expression and was
completely unambiguous.

Accession number

The coordinates have been deposited with the Protein Data Bank.
The PDB ID codes are 1FBQ, 1FBS, and 1FBU.

Acknowledgments

We gratefully acknowledge the previous work of Celia J. Harrison in grow-
ing the crystals of the wild-type protein and collecting and reducing the
data. We thank Charles E. Bell, Steve Huang, Mitchell Lewis, Jamie Schless-
man, and Steven Stayrook for assistance with crystallographic procedures.
We also thank Leland Mayne for assistance with stopped-flow fluorescence
measurements, A. Josh Wand for used of his stopped-flow fluorimeter, and
Walter Englander and Andrew Lee for insightful discussions about the
manuscript. This work was supported by an NIH grant GM44086 to HCMN.
This work is based on research conducted at the NSLS beamline X12B and
at the SSRL beamline 7-1.

Table 4. Data and refinement statistics

P6K P6A Wild-type

Data statistics
Resolution 50–2.0 20–2.0 50–1.83
Observed reflections 42,447 N0A 53,481
Unique reflections 11,753 16,534 13,067
Completeness 91.6 90.8 85.4
Rsym

a 3.9 5.3 8.0
I0s 15.6 40.9 17.1

Refinement statistics
Resolution 50–2.0 20–2.0 20–1.8
Reflections~working set! 10,363 10,396 13,686
Reflections~test set! 1,190 1,201 1,505
Residues in model molecule a 195–282 195–281 195–282
Residues in model molecule b 195–284 195–284 195–284
Total solvent molecules 172 197 128
Rcryst

b 21.1% 23.8% 23.3%
Rfree

c 26.2% 28.3% 26.9%
RMS bond length 0.014 0.005 0.005
RMS bond angle 1.61 1.72 1.25
RMS dihedral 23.3 21.9 22.3
RMS improper 0.86 0.55 0.61
RMS B bonded main chain 1.00 0.97 1.06
RMS B bonded main chain 1.25 1.19 1.22

aRsym5 (h~Ih 2 ^I &h!0(~^Ih&!.
bRfactor 5 (~|Fobs| 2 |Fcalc|!20(~|Fobs|!2.
cRfree is calculated based on 10% of the total reflections.
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