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In response to elevated temperature and a variety of chem
ical treatments, all organisms rapidly produce heat shock 
proteins, which protect the structure and activity of proteins 
from denaturation under environmental stresses.1 In eukary
otes, the regulation of the heat shock response is mediated 
by a preexisting transcription factor, heat shock factor 
(HSF), which binds to a conserved regulatory DNA 
sequence, heat shock element (HSE) with high affinity and 
specificity.2 HSE is a conserved sequence located upstream 
of all heat shock genes containing a series of small GAA 
boxes, each with the sequence NGAAN, where N is any 
nucleotide.3 The activation of HSF involves heat shock 
induced trimerization, binding to its cognate DNA sites, and 
the acquisition of transcriptional competence. The trimeriza- 
tion of purified Drosophila HSF was shown to be sensitive 
directly to heat, oxidation and pH.4,5 Structural studies using 
X-ray6 and NMR7 indicated that the DNA-binding domain 
of HSF forms a compact structure resembling the helix-turn- 
helix DNA-binding motif where helix 3 serves as a putative 
DNA recognition helix. The DNA binding helix of Droso
phila HSF start with M97 and end with Y107 (97-MAS- 
FIRQLNMY-107), but no structural data on HSF-DNA 
complex or biophysical informations on the key residues 
involved in the complex formation is available.

The effects of HSE DNA mutation on the affinity of HSF- 
HSE interaction using 131 amino acid wild-type HSF DNA 
binding domain (DBD, dHSF(33-163)) were studied by ana
lytical ultracentrifugation previously.8 From the study, it 
was shown the wild-type DBD can bind as a monomer with 
1 : 1 stoichiometry to a synthetic DNA containing a single 
NGAAN sequence and there is about 20 to 300 fold differ
ence in DNA binding affinity between wild-type and mutant 
HSE DNA depending on salt (0.05 M to 0.15 M) and tem
perature (2 oC to 18 oC) studied. In this present study, we 
extended our previous study and have generated two mutant 
HSF DBDs using a modified enzymatic reverse polymerase 
chain reaction technique9,10 where arginine 102 and aspar
agine 105 on the Drosophila HSF DNA recognition helix 
were replaced to alanines (R102A & N105A) and studied 
the effect of mutation on the protein-DNA interactions. To 
establish the stoichiometry of binding first, the oligomeric 
states of mutant DBDs and the homogeneity of the double
stranded, 17-bp synthetic DNAs were evaluated by using 
Beckman XL-A analytical ultracentrifuge. The affinity of 
binding for the mutant and wild-type DBDs with wild-type
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17-bp HSE DNA was then determined by multi-wavelength 
scan technique8,11 using analytical ultracentrifugation.

The DNA binding specificity and the monomeric nature of 
wild-type DBD (dHSF(33-163)) were demonstrated previ
ously.8 Figures 1A and 1B shows the sedimentation equilib
rium concentration distributions of R102A and N105A 
mutant DBDs at 230 nm fit by a thermodynamically ideal 
monomeric (solid line) and dimeric (dotted line) species 
with molecular masses of monomers for R102A and N105A 
mutants of 15,174 and 15,216 Daltons, respectively calcu
lated from the amino acid sequences. The residual plots for 
the given models are also shown on the top of the figures. 
The deviation from the dimeric models and the good quality 
of monomeric fit demonstrate that these two mutant 
polypeptides exist as monomers in solution like wild-type 
DBD. Figure 1C illustrates the concentration distribution of 
a 17-bp, double-stranded oligonucleotide, 5'-GGGCACA- 
GAAAGCCGCC-3' fit with a molecular mass, calculated 
from the base pair composition, of 10,474 Daltons. The data 
demonstrate that the HSE is a 17-bp double-stranded DNA 
with no detectable single-stranded DNA contamination.
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Figure 1A. (top) Distributions of the residuals of the dHSF (33
163) R102A for the monomeric and dimeric models as a function 
of radial positions. (bottom) A distribution of absorbance of the 
dHSF (33-163) R102A at 298.15 K, 230 nm and 30,000 rpm. The 
solid line represent the monomeric fitting line with a calculated 
molecular mass of 15,174 Da and the dotted line for the theoretical 
dimeric fitting line.
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Figure 1B. (top) Distributions of the residuals of the dHSF (33- 
163) N105A for the monomeric and dimeric models as a function 
of radial positions. (bottom) A distribution of absorbance of the 
dHSF (33-163) N105A at 298.15 K, 230 nm and 30,000 rpm. The 
solid line represent the monomeric fitting line with a calculated 
molecular mass of 15,216 Da and the dotted line for the theoretical 
dimeric fitting line.
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Figure 1C. (top) A distribution of the residuals of the 17-bp DNA 
for the single and double stranded models as a function of radial 
positions. (bottom) Distributions of absorbance of the 17-bp DNA 
at 298.15 K, 230 nm and 30,000 rpm. The calculated molecular 
weight of 10,474 Da for 17-bp DNA was used for the double
stranded model fitting and 5,237 Da was used for the single
stranded model fitting. (Inset) The sequence of 17-bp HSE DNA.

After establishing that the mutant DBDs, R102A and 
N105A, are monomers in solution and that the wild-type 
HSE is a 17-bp double-stranded DNA, we have calculated 
the differences in the binding affinity due to the single-point
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Figure 2. Equilibrium distributions of the absorbancies of mixtures 
of 17-bp HSE DNA with wild-type dHSF (33-163) (squares), 
R102A (circles) and N105A (triangles), respectively, in a 2 to 1 
DNA to polypeptide molar ratio at equilibrium at 30,000 rpm at 25 
oC in pH 6.3, 10 mM potassium phosphate buffer containing 0.1 M 
KCl and 0.1 mM EDTA. A ribbon diagram of helix 3 showing the 
locations of the two residues mutated to alanines. The data were 
collected at wavelengths 230 nm to 240 nm with a 2 nm 
increments, but, in order to avoid confusion, only the data at 230 
nm is shown. The corresponding polypeptides are indicated with 
arrows.

mutation. Figure 2 shows scans of the equilibrium distribu
tions of the polypeptide-DNA complexes of the wild-type 
DBD (square), R102A (circle) and N105A (triangle) mea
sured at 230 nm at ultracentrifugal equilibrium in 10 mM 
potassium phosphate buffer containing 0.1M KCl at 25 oC at 
pH 6.3. The same concentrations of polypeptide and DNA 
were loaded at each centrifuge cell to facilitate the compari
son. On the basis of observable differences between the con
centration on gradients, it is obvious that the wild-type and 
N105A mutant polypeptides form stronger HSE-polypeptide 
complexes than the HSE-R102A complex. However, from 
the concentration gradients of the complexes, the N105A 
mutant polypeptide seems to forms slightly less but as tight 
complex as the HSE and wild-type DBD complex.

In order to obtain more quantitative differences in the val
ues of the association constants (Ka) for the HSE-polypep- 
tides interactions, the data were analyzed by using previ
ously described multiwavelength scan analysis method.8,11 
In Table 1, the results of the analysis for the mutant and the 
wild-type DBD interactions with 17-bp HSE DNA are sum
marized. Based on the data, the mutation of arginine 102 to 
alanine 102 decreased the binding affinity about 42-fold 
weaker than does the wild-type DBD indicating the critical 
role of the R102 residue in HSF-HSE interaction. This dif
ference is reflected in a AAGo value of 2.38 kcal mol-1 at 25 
oC, and is caused by a sin이e residue substitution (R102 t 
A102) in the mutant DBD (Table 1). The value of -AGo for
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Table 1. A Summary of the binding parameters for wild-type and 
mutant polypeptide-HSE interactions in 10 mM potassium 
phosphate buffer at pH 6.3 containing 0.1 M KCl at 25 oC

wild-type 1.38X106 14.42 士 0.14 8.54 0
R102A 3.29X104 10.40 士 0.10 6.16 2.38
N105A 1.13X106 13.94 士 0.13 8.26 0.28

*Ka： association constant; ln Ka natural log of association constant; AG0: 
free energy of binding; AAG0: differences in free energy of binding 
(wild-type-mutant).

the binding of wild-type DBD (8.54 kcal mol-1) and N105A 
mutant DBD (8.26 kcal mol-1) with the AAGo of 0.28 kcal 
mol-1 support the minimal role of N105A residue in the 
binding process. The minimal role of N105 in the process is 
rather unexpected considering that N105 is highly conserved 
among the HSF family.6,7

In summary, we have shown the wild-type and mutant 
DBDs exist as monomers in solution by means of equilib
rium analytical ultracentrifugation and have determined the 
equilibrium binding constants for the interactions between 
the 131 amino acid purified mutant and wild-type polypep
tides and 17-bp HSE DNA. By appropriate analysis of the 
data, we have been able to calculate the values of the associ
ation constants and the free energies of binding for the inter
actions. Our data suggest that the highly conserved R102 
plays a major role in HSE recognition but the N105 residue 
plays much lesser role in the DNA binding process. A 
detailed analysis on the thermodynamic properties of mutant 
polypeptides and HSE binding process is under investiga
tion.
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