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Abstract 

Heat shock transcription  factor (HSF) mediates the activation of heat shock genes by binding to its cognate sites 
with  high affinity and specificity. The high-affinity binding of HSF is dependent on the formation of an HSF homo- 
trimer, which interacts specificaIIy with the heat shock response element (HSE), comprised of 3 inverted repeats 
of the 5-bp sequence NGAAN. In order  to investigate the thermodynamic basis of the interaction between HSF 
and HSE, we have overexpressed and purified a polypeptide (dHSF(33-163)) encompassing only the DNA-binding 
domain of HSF  from Drosophila and analyzed its binding to DNA by equilibrium analytical ultracentrifugation 
using a multiwavelength scan technique. We demonstrate that dHSF(33-163) can bind as a monomer with 1:l stoi- 
chiometry to a synthetic 13-bp DNA containing  a single NGAAN sequence. The values of the  thermodynamic 
parameters obtained from the temperature dependence of the equilibrium binding constants indicate that  the changes 
of free energy for  the binding of dHSF(33-163) to the wild-type site and a mutant DNA site are predominantly 
characterized by substantial negative changes of enthalpy. Binding to  the wild-type DNA is characterized by a 
significant positive change of entropy, whereas binding to the mutant DNA is distinguished by a negative change 
of entropy of comparable  magnitude.  The binding to  the  mutant DNA was also highly sensitive to increasing salt 
concentrations, indicating a  dominance of ionic interactions. The sequence-specific, 1: 1 binding of dHSF(33-163) 
to the  NGAAN sequence provides a basis for the analysis of higher order interactions between HSF trimers and 
the HSE. 
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The  transcriptional induction of heat shock genes in eukaryotes 
is initiated by the binding of the transcription  factor heat shock 
factor (HSF) to its cognate  site, the heat shock element (HSE), 
which is composed of 3 contiguous repeats of the 5-bp sequence 
NGAAN  arranged in alternating  orientation: 5’-[NGAAN] 
[NTTCN][NGAAN]-3’. The high-affinity binding of HSF  to a 
complete HSE is dependent on the  formation  of an HSF homo- 
trimer (for a review, see Lis & Wu, 1993). Although the exact 
stoichiometry  of the interaction between HSF subunits and  the 
HSE has not been determined,  each  subunit  of the HSF trimer 
is generally assumed to recognize 1 of the 3 NGAAN repeats of 
the HSE. Thus, the high-affinity binding of HSF is thought  to 
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result from the combined interactions of the DNA-binding do- 
mains of all 3 HSF subunits. 

Sequence analysis of cDNA clones encoding HSFs from a 
wide variety  of species reveals 2 conserved  regions in the 
N-terminal part of the  HSF protein that represent the DNA- 
binding domain and trimerization domain. The overall sequence 
of the DNA-binding domain does not show extensive similar- 
ity to  any known category of DNA-binding motif,  and it  was 
therefore  anticipated that a  determination of the structure of 
HSF should reveal a new motif for specific DNA recognition. 
However, recent X-ray and NMR studies reveal that, despite the 
lack of overall sequence similarity, there is a  structural  related- 
ness of the DNA-binding domain of HSF  to DNA-binding mo- 
tifs exemplified by the helix-turn-helix and  HNF-3 protein 
families (Harrison et al.,  1994; Vuister et al., 1994). 

The trimerization domain of HSF is situated next to the DNA- 
binding domain  and is separated by a short linker. The con- 
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served residues in this region essentially define several arrays of 
hydrophobic heptad repeats or coiled-coil motifs (Sorger & Nel- 
son, 1989; Clos et al., 1990). Physicochemical studies of HSF 
trimerization domains synthesized as -90-residue polypeptides 
indicate that they form stable  homotrimers in solution of pre- 
dominantly  a-helical  character, suggesting a triple-stranded Q- 

helical  coiled-coil structure (Peteranderl & Nelson, 1993). HOW 
the 3 DNA-binding domains of the  HSF trimer interact with the 
linear HSE sequence is unclear at present. 

All 3 NGAAN  boxes of the HSE are required for high-affinity 
binding to the HSF trimer,  although  moderate binding can be 
detected using an incomplete HSE carrying 2 contiguous repeats 
(Perisic et al., 1989).  Because both the head-to-head (+ +); 
([NGAAN][NTTCN]) configuration and  the tail-to-tail (+ +); 
([NTTCN][NGAAN]) configuration possess  similar binding af- 
finities for HSF,  it has been suggested that  the NGAAN box  is 
the fundamental unit of recognition by the HSF trimer and that 
a minimum of two 5-bp repeats is required for  a  stable interac- 
tion (Perisic  et  aI.,  1989).  Unlike  these  studies of the HSF trimer, 
which  were carried out using footprinting and electrophoretic 
mobility shift assays, the interaction of the  latent, monomeric 
form of HSF with  DNA has not been investigated. This is due 
in part to the inability to purify the monomeric form of HSF 
from nonheat-shocked cells and to the tendency of HSF ex- 
pressed  in Escherichia  coli to assemble as trimers constitutively, 
even at low growth temperatures (Clos et al., 1990; Rabindran 
et al., 1991). Therefore, in order to elucidate the interaction of 
monomeric HSF with its cognate site in the absence of knowl- 
edge of a physiological mechanism to convert HSF trimers to 
monomers, we  have  utilized recombinant DNA  techniques to en- 
gineer the expression of only the HSF DNA-binding domain. 
Accordingly, a polypeptide encompassing residues 33-163 of 
HSF from Drosophila (dHSF(33-163)) was  expressed  in E. coli 
and purified to homogeneity. 

By means of equilibrium analytical ultracentrifugation we 
show that dHSF(33-163) exists as  a monomer in solution. We 
have determined the equilibrium binding constants  for the in- 
teraction between dHSF(33-163) and  a synthetic 13-bp  DNA 
containing a single, centrally located NGAAN sequence, as well 
as  the same DNA sequence in  which the genetically critical G 
nucleotide at position 2 of the NGAAN sequence was changed 
to a  C nucleotide. By appropriate analysis of data, we have  been 
able to calculate the values of the  thermodynamic parameters 
characterizing the equilibrium between dHSF(33-163) and the 
wild-type and mutant DNA  sites. The effects of monovalent salt 
(K+) on the equilibrium constants are also discussed. The re- 
cently developed multiwavelength scan method (Lewis et al., 
1994)  was  used to analyze the equilibrium sedimentation data 
and to obtain  the values of the natural  logarithms of the asso- 
ciation constants  for  the protein-DNA interactions. 

Results 

Purification  and mass analysis of dHSF(33-163) 

The dHSF(33-163) polypeptide is comprised of residues 33-163 
of Drosophila HSF,  with 3 additional amino acids  (Ala-Ala-GIu) 
introduced at the C-terminal end; the addition is caused by clon- 
ing the cDNA insert into a bacterial expression vector. Residues 
33-163 of Drosophila HSF encompass the DNA-binding domain 
of HSF (residues 47-148) that is highly  conserved among a wide 

variety of animal, plant, and fungal species  (Scharf et al., 1993). 
The structure of dHSF(33-163)  is under investigation by multi- 
dimensional NMR, and it is notable that the structured  part 
of the polypeptide is coincident with the highly conserved do- 
main (Vuister et aI., 1994).  As shown in Figure 1, the molecu- 
lar mass of dHSF(33-163). as analyzed by mass spectrometry, 
is  15,263 f 1 Da, in excellent  agreement  with the molecular  mass 
of 15,259 Da calculated from the predicted amino acid  sequence. 
The homogeneity of the preparation  after chromatography on 
heparin-Sepharose CL-6B and S-Sepharose was found to be 
in excess of 99% by SDS-PAGE and Coomassie blue staining 
(Fig. 1 inset). 

Functional activity of  dHSF(33-163): 
DNase I footprinting 

The functional activity of dHSF(33-163)  was  analyzed by means 
of a  DNase I footprinting assay. As shown in Figure 2, 
dHSF(33-163) is capable of binding to a natural hsp7O promoter 
containing 2 adjacent HSEs (5 complete NGAAN  boxes are in- 
dicated by arrows and 2 incomplete  boxes are indicated by dots). 
This result clearly demonstrates that the recombinant polypep- 
tide possesses sequence-specific binding activity. The footprint 
of the full-length Drosophila HSF trimer expressed  in E. coli 
and purified as described (Clos et al., 1990)  is also shown for 
comparison. It is worthwhile to note  that  the extent of the foot- 
prints of the full-length trimer and of dHSF(33-163) are essen- 
tially identical. This result indicates that, despite the absence of 
the remainder of the protein, the interaction between dHSF(33- 
163) and  the  HSE  as probed with DNase I remains unchanged. 
However, other properties of the interaction appear to be dif- 
ferent. As the protein concentration of the full-length HSF tri- 
mer  is increased  stepwise, the footprints clearly  show cooperative 
binding to the  2  adjacent HSEs, as previously reported (Top01 
et al., 1985; Xiao et al., 1991).  In contrast, such cooperativity 
between HSEs is absent from the  footprints of dHSF(33-163), 
although modest cooperation can be observed for  the binding 

100- 

80 - 

$ 60- 
5 

40- 
I- 

e7M - 
I U M  - - -  I 

15.262.8 

;I 
I 

14,600 14.800 15,000  15,200  15,400  15.600 1 5 , h  IS,& 

MOLECULAR WEIGHT (dalton) I CHARGE 

Fig. 1. Mass spectrum of purified dHSF(33-163). Inset: SDS-PAGE 
analysis of purified dHSF(33-163) at 2 different loading concentrations. 
Lanes 1 and 4, molecular weight markers: 94  kDa, phosphorylase b; 
67 kDa, bovine serum albumin; 43 kDa, ovalbumin; 30  kDa, carbonic 
anhydrase; 20 kDa,  soybean trypsin inhibitor; 14 kDa,  a-lactalbumin. 
Lanes 2 and 3,  dHSF(33-163). 
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Fig. 2. DNase I footprinting  patterns of full-length Drosophilu HSF (HSF-WT)  and of dHSF(33-163).  Each  lane  has  -20  fmol 
of DNA.  Sample  volumes of HSF-WT (-0.5 mg/mL)  were 0.1, 0.2, 0.4, I ,  and 2  pL;  sample  volumes of the  dHSF(33-163) 
(- 15 mg/mL)  were 0. I ,  0.2,0.4, I .O, and 2 pL  incubated  with  DNA in a  final  volume of 20 pL.  The  HSEl  and  HSE2  positions 
along  with  the TATA sequence  are  shown  as  shaded  boxes.  The  DNA  sequences  containing  a  complete  HSE  unit (NGAAN) are 
indicated as arrows,  and  the  incomplete  HSE  sequences  are  shown  as  dots. 



Thermodynamics of heat shock factor-DNA interaction 1043 

to  HSEl , which contains  3 complete NGAAN boxes, as com- 
pared with HSE2, which has only  2 complete boxes (Fig. 2). 
Therefore,  the sequences responsible for cooperative interaction 
between HSF  trimers  are located outside residues 33-163, 
whereas the slight cooperativity for the binding to  HSEl appears 
to lie within the DNA-binding domain. 

Equilibrium sedimentation analysis of 
dHSF(33-163) and DNA alone 

The associative state of dHSF(33-163) and  the homogeneity of 
the double-stranded 13-bp synthetic DNAs were evaluated by 
analytical  ultracentrifugation.  For  a  homogeneous,  thermody- 
namically ideal solute, the concentration as a  function of radial 
position at equilibrium is  given  by 

where A,; is the  concentration, expressed as an absorbency, at 
the radial position r ,  and Ab,; is the concentration at  the cell 
bottom of  either  the polypeptide or the  DNA; M j  refers to M p  
and M N ,  the values of the molar mass of the  protein and nu- 
cleic acid, respectively; AP and  AN  (not  to be confused with A ,  
the absorbencies) are defined by 

A, = (ap/&),w2/2RT, (2) 

where w is the rotor angular velocity, R is the gas constant, T 
is the absolute  temperature, and (ap/ac),  is the derivative of 
solution density with  respect to solute concentration at constant 
chemical potential.  Although (ap/ac) ,  is essentially equal to 
( 1  - V " p ) ,  where V o  is the  partial specific volume at  the limit 
as the solute concentration approaches 0 and p is the solvent den- 
sity, we prefer to use (ap/ac), ,  the thermodynamically more 
appropriate term  (Durchschlag, 1986)  in this context. Because 
Equation 1 can be derived using the principles of  reversible ther- 
modynamics, and because the values of Mi are known, we can 
obtain the  experimental values of (ap/ac),  as fitting  param- 
eters when Equations 1 and 2 are used as a mathematical model 
for fitting  the  concentration  distributions of polypeptide and 
DNA. 

Figure 3A and B shows the  sedimentation equilibrium con- 
centration  distributions of the polypeptide alone and DNA 
alone, respectively, fit at multiple wavelengths as required for 
multiwavelength analysis. Figure 3A (inset) also shows the UV 
spectra of the  protein  alone,  the  DNA  alone,  and a 1:2 
DNA:dHSF(33-163) mixture. These spectra show the wave- 
length  region from 230 to 240  nm where the multiple wavelength 
scans  were taken. This range of wavelengths  was  chosen  because 
it covers a region of protein absorption dominance to a region 
of DNA absorption dominance in the total observed absorption. 
Additionally, because the absorption of polypeptide in  this range 
is characteristic of the  amino acid backbone, and because this 
range of wavelengths is well away from the DNA absorption 
peak at 260 nm,  the analysis of the  data is  less complicated 
because hypo- or hyperchromic effects are either absent or 
minimal. 

In Figure 3A, the concentration distributions of the dHSF(33- 
163) polypeptide alone  at different wavelengths are fit by a 
thermodynamically ideal monomeric species with a molecular 
mass, calculated from the predicted amino acid sequence, of 
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Fig. 3. A: Equilibrium  sedimentation  distributions of absorbencies  of 
dHSF(33-163)  at  different wavelengths. The loading  concentration was 
7.3 pM. The  scanned  wavelengths  are,  from  top  to  bottom,  230,  232, 
234, 236, 238, and 240 nm.  The  fitted  lines  are  for  a  simultaneous  fit 
of the  polypeptide  as  a  monomer  with  a  molar  mass of 15,259 Da.  The 
reference  concentration  and  the  baseline  error  term  were  fit  as  local  pa- 
rameters,  whereas  the  value  of ( t J p / k ) ,  for the  dHSF(33-163) was ob- 
tained as a global parameter. Inset: Absorption  spectra  of dHSF(33-163) 
(P), 13-bp  wild-type DNA (D), and a  2:l  molar  ratio  mixture  of  both 
(P + D). B: Equilibrium  sedimentation  distributions of absorbencies  of 
13-bp  wild-type  DNA  at  different  wavelengths.  The  loading  concentra- 
tion was 3.7 pM. The scanned wavelengths are,  from  bottom  to  top, 230, 
232,234,236,238,  and 240 nm.  The  fitted lines are  for a  simultaneous 
fit of the  double-stranded  DNA  with  a  molar  mass of 8,011  Da. 

15,259 Da. Figure 3B illustrates the  concentration  distributions 
of a 13-bp double-stranded oligonucleotide, 5'-GGGCAGAA 
CGCCG-3',  in 0.05 M KC], 10  mM potassium phosphate buffer, 
pH 6.3, fit  with a molecular mass, calculated from  the base-pair 
composition, of 8,011 Da. This wild-type DNA contains  a sin- 
gle 5-bp module comprising the fundamental  NGAAN box lo- 
cated at  the center. In  addition, an A nucleotide was chosen for 
position 1 in the NGAAN box in  view of recent evidence for its 
biological importance  (Fernandes et al., 1994). 

The results of  the multiwavelength fits of the data  for both 
the polypeptide and  the DNA show that  the chosen models are 
appropriate. These results confirm that  the dHSF(33-163) is a 
monomer in solution and  that  the wild-type HSE is a 13-bp 
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double-stranded DNA with no detectable single-stranded DNA 
contamination. The data  for  the  mutant 13-bp DNA, 5’-GGG 
CACAACGCCG-3’, which contains  a single nucleotide substi- 
tution (NGAAN to NCAAN) were also of similar quality (data 
not shown). The  monomeric  state of dHSF(33-163) has been 
confirmed over the entire salt concentration range studied (0.05- 
0.2 M KCl, data  not shown). 

Because determination of the values of the thermodynamic 
parameters  characterizing  the  interaction of polypeptide and 
DNAs requires measurements at a  number of temperatures, it 
is necessary to know the values of (ap/ac) ,  as a  function of 
temperature.  Thus, at each temperature, multiwavelength data 
sets were jointly fit  with the values of Ab, the absorbance at the 
cell bottom,  as a  parameter local to each data set and  the value 
of (ap /ac ) ,  as a parameter global to all the  data sets. The tem- 
perature dependence of (ap /dc ) ,  was well fit with a power se- 
ries having the  form 

where Tis the Celsius temperature and ( ~ 3 p / a c ) , , ~ ,  a , ,  and a2 
are fitting parameters. As shown in Figure 4A and B, the val- 
ues of ( a p / a c ) ,  for  the DNA and  the dHSF(33-163) polypep- 
tide exhibit temperature dependence. The base-pair composition 
shows some effect on  the value of (ap/ac) , ;  other  HSE DNAs, 
which have different base-pair compositions, have different val- 
ues (data  not shown). Accordingly, these values must be con- 
sidered as valid only for this DNA in the buffer used here. 
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Fig. 4. A: Values of ( a p / a c ) ,  for  the 13-bp wild-type DNA in 0.05 M 
KC1 with 10 mM potassium phosphate buffer,  pH 6.3, and 0.1 mM 
EDTA as a function of temperature calculated from concentration dis- 
tributions at equilibrium at a  rotor speed of 14,000 rpm. The loading 
concentration was 3.7 rM. B: Values  of (ap/ac), for  the dHSF(33-163) 
polypeptide in 0.05 M KC1 with 10 mM potasslum phosphate buffer, 
pH 6.3, and 0.1 mM EDTA as a function of temperature calculated from 
concentration distributions at equilibrium at a rotor speed of 14,000 rpm. 
The loading concentration was 7.3 pM. 

The composition of this particular 13-bp DNA is 77% G.C  and 

The value of Ab, the  absorbance at the cell bottom  obtained 
at the wavelength X, may be  used to obtain  the values of E, ,  
the molar extinction coefficient at  that wavelength. Because the 
molar extinction coefficients are known at 280  nm for  the poly- 
peptide and  at 260  nm for  the  DNA, the extinction coefficient 
at any wavelength X is E, = E280.Ab,A/Ab,280 for the polypep- 

ficients obtained in this manner are optimal because they are 
obtained with the XL-A monochromater at exactly the same 
wavelength for  the polypeptide, the  DNA,  and  the complex. Ex- 
tinction coefficients obtained with a spectrophotometer must be 
validated by satisfying these conditions if optimal results are  to 
be obtained. This was the case for  data obtained here. 

23% A.T. 

tide and EA = E260.Ab,~/Ab,260 for  the DNA. Extinction coef- 

Equilibrium sedimentation analysis 
of dHSF(33-163):DNA  complexes 

Figure 5 shows  scans  of the equilibrium distributions of the com- 
plexes of the wild-type (square) and  mutant (circle) DNAs and 
dHSF(33-163) measured at 230  nm and 240 nm at chemical and 
centrifugal  equilibrium.  The data sets measured at  the other 
wavelengths (232,234,236, and 238 nm) are not shown in order 
to simplify the  figure. On the basis of observable differences 
between the  concentration  gradients,  the wild-type DNA: 
dHSF(33-163) complex shows a  stronger  interaction  than that 
of the  mutant DNA:dHSF(33-163) complex. The data in  Fig- 
ure 5 represent the distribution of the absorbances of the mix- 
tures before the conversion to molar concentrations as described 
below. 

Multiwavelength analysis of 
dHSF(33-163):DNA  complexes 

The multiwavelength analysis used here is described in detail in 
a recent publication (Lewis et al., 1994) and will  be discussed 
only briefly here. The method requires constructing 2 matrices. 
The first matrix,  denoted A ,  is an n by rn matrix of absorben- 
cies, where n is the number of radial positions and m is the num- 
ber of wavelengths; this is constructed from  the radius and 
wavelength-dependent absorbency data from  the polypeptide- 
DNA mixture. The second matrix,  denoted E,  is a 2 by m ma- 
trix of extinction coefficients; the rows  represent the polypeptide 
and  the  DNA, respectively; the columns represent the  same 
wavelengths as the columns of the A matrix. These matrices are 
then used to calculate an n by 2  matrix C, using C = AE +, 
where E +  is the Moore-Penrose pseudoinverse of E (Strang, 
1986). The  2 columns of Ccontain  total molar  concentrations, 
uncomplexed and complexed, of polypeptide and nucleic acid, 
respectively, and each column of C is a  function of r.  The val- 
ues  of C in a given row represent the linear least-squares fit of 
the values of A in a  corresponding  row.  The  matrix C, the de- 
pendent variables, is concatenated with a vector of  the radial 
positions, the independent  variable, to  form a 3-column data 
matrix  suitable for analysis by nonlinear, least-squares curve 
fitting. 

The mathematical models for fitting the molar concentration 
data matrix are  the equations 
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Fig. 5. Equilibrium  distributions of the absorbencies of mixtures of 
wild-type DNA and dHSF(33-163) (squares) and mutant DNA and 
dHSF(33-163) (circles) in a 1:2 molar ratio at equilibrium at 14,000 rpm 
at 10°C in pH 6.3, 10 mM potassium phosphate  buffer  containing 
0.05 M KC1 and 0. I mM EDTA. The loading concentrations of DNA 
and dHSF(33-163) were 3.7 and 7.3 pM, respectively. The sequences 
of wild-type and mutant 13-bp DNAs are also shown. The  data were  col- 
lected at wavelengths from 230 to 240  nm in 2-nm increments, but, in 
order to avoid  confusion, only the data  at 230 and 240 nm are shown. 
The corresponding wavelengths are indicated with arrows. 

The  global analysis then involves jointly  fitting  columns 1 and 
2 with Equation 4 and columns 1 and 3 with Equation 5 .  The 
value of In K,, the  natural logarithm of the molar equilibrium 
constant,  and  the values of c b , p  and Cb,N, the concentrations 
of uncomplexed polypeptide and nucleic acid at  the radius of 
the cell bottom, rb, are fitting  parameters global to  both equa- 
tions, while the values of cp and cN, the small baseline error 
terms, are fitting parameters local to Equations  4 and 5 ,  respec- 
tively. The form of these equations is such that  the system is  very 
highly constrained and the fitting is a well-conditioned problem. 
In contrast, attempting to obtain  a value of In K ,  by analysis of 
data obtained at a single wavelength is an ill-conditioned prob- 
lem and is usually not successful unless the method of implicit 
constraints is  used  (Lewis,  1991). However, this method has the 
experimentally stringent  requirement of conservation of mass 
of the solute in the ultracentrifuge cell, and,  from a  computa- 
tional point of view,  is as complex as the method described here. 
The A and E matrices for 2 wavelengths represent the minimum 
set that can be solved for C and in this case only, gives an exact 
solution for  that set of values. However, the effect of relatively 
small errors in the extinction coefficients on  the concentration 
values can be magnified if only 2 wavelengths are used; the use 
of multiple wavelengths, even with normally  distributed error 
as great as 10% in the extinction  coefficients, significantly re- 
duces this problem. Simulation studies and practical experience 
indicate that  data  from 5 or more wavelengths are needed to  at- 
tain good reliability for  the values  in C(Lewis et al., 1994). Thus, 
although  it is possible to  do  the analysis with scans at only 

2 wavelengths, doing so gives up  the advantages of obtaining 
molar  concentrations that  are  the result of linear least-squares 
fits of multiwavelength scans. There are additional  advantages 
in  using the multiwavelength method: because the pseudoinverse 
is a linear transform, normally distributed  error in the  absor- 
bencies  becomes normally distributed error in the molar concen- 
trations; because the pseudoinverse is fitting  the  absorbencies 
for the molar concentrations, even non-normally distributed er- 
ror in the absorbencies tends to become more normally distrib- 
uted error in the  molar  concentrations. 

Figure 6A shows the  simultaneous  fit of Equations  4 and 5 
to molar concentration  distributions of dHSF(33-163) plus 
DNA:dHSF(33-163) complex and DNA plus DNA:dHSF(33- 
163) complex at 10 "C.  For this wild-type DNA:dHSF(33-163) 
interaction,  a value of 17.63 * 0.98 was obtained for In K, at 
that temperature. Figure 6B shows the  distribution of the resid- 
uals about  the fitting lines. The  same  procedure was applied to 
data  for  the mutant DNA:dHSF(33-163) interaction, and  the 
results are shown in Figure 6C. A value of 14.20 k 0.1 1 for 
In K ,  was obtained at  the same temperature. Figure 6D shows 
the distribution of the residuals about the  fitted lines. The dis- 
tributions are quite  adequately random with no significant sys- 
tematic deviations, demonstrating not only the quality of the fit, 
but also that a 1 : 1 stoichiometry appears to be an appropriate 
model for the  interaction.  The value of In K ,  for  the wild-type 
species agrees well with those  obtained using a fluorescence ti- 
tration assay (Kim  et al., in prep.).  This agreement is a cross- 
validation of the value and also serves to  demonstrate  the 
reliability of the multiwavelength scan technique for the  study 
of protein-DNA interactions. The reliability of this method was 
also confirmed by Monte Carlo simulation studies (Lewis  et al., 
1994). All of the  data measured at other  temperatures (see  be- 
low) are comparable in quality to  the  data shown in Figure 6. 
It should be noted that this method of analysis gives  very low 
standard  errors  for In K ,  for values of In K ,  up  to 16 for this 
case.  Simulation studies show that  the  standard errors rise  sig- 
nificantly at values of  In K ,  above  this, but are acceptable up 
to a value of 18. At values of In K ,  of 18 and above, it is nec- 
essary to  perform Monte Carlo analyses in order to  obtain  the 
standard  errors. When In K ,  exceeds a value of 21, the concen- 
trations of free reactants are so low that  the obtained values of 
In K ,  are questionable.  Under such circumstances it would be 
advisable to work in the presence of higher salt concentrations, 
which would have the desirable effect of reducing the strength 
of the  association. 

Analysis of thermodynamic parameters characterizing 
the interaction of  wild-type and mutant DNA 
binding to dHSF(33-163) 

Analytical ultracentrifugation has the advantage that it  is rig- 
orously based upon reversible thermodynamics; the reactants 
and  the product  of an interaction each have a uniquely defined 
concentration  gradient that can be resolved by appropriate 
mathematical analyses to give the desired value of In K,, and 
hence AGO, with a minimum of assumptions. In order to deter- 
mine the values of In K ,  for the polypeptide-DNA interactions 
at different  temperatures, data sets were collected at 2" inter- 
vals from 2 to 18 "C  and converted to molar  concentration dis- 
tributions.  The data were then analyzed using Equations  4 and 
5 as mathematical models to  obtain  the values of In K ,  as be- 
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Fig. 6 .  A: Equilibrium sedimentation distributions of the molar concentrations for  the interaction of wild-type 13-bp DNA and 
dHSF(33-163) loaded in a 1:2 molar ratio at equilibrium at 14,000 rpm and  10.0"C.  The squares  are for dHSF(33-163) plus 
wild-type DNA:dHSF(33-163) complex; the circles are  for wild-type DNA plus wild-type DNA:dHSF(33-163) complex. B: Dis- 
tributions of the residuals for  the wild-type DNA and dHSF(33-163) interaction shown in A. The data symbols are the same 
as  those in A. The joint fit RMS error is  3.54 x 10" M. C: Equilibrium sedimentation distributions of the molar concentra- 
tions  for  the  interaction of mutant 13-bp DNA and dHSF(33-163) loaded in a 1:2 molar ratio at equilibrium at 14,000 rpm and 
1O.O"C. The squares are for dHSF(33-163) plus mutant DNA:dHSF(33-163) complex; the circles are  for  mutant DNA plus 
mutant DNA:dHSF(33-163) complex. D: Distributions of the residuals for the mutant DNA and dHSF(33-163) interaction shown 
in C. The  data symbols are  the same as those in C. The  joint fit RMS error is  3.37 x lo-' M. 

fore.  The  temperature dependence of the binding constants for 
the  mutant  and the wild-type DNA interaction with dHSF(33- 
163) are summarized in Table 1. Throughout  the temperature 
range  studied, the binding of wild-type DNA to dHSF(33-163) 
is -20-45-fold greater than  the binding to  mutant DNA. 

In order to  obtain the  thermodynamic  parameters for the in- 
teraction of the  mutant  and the wild-type DNA to dHSF(33- 
163), the temperature dependence of the values of In K ,  for 
both DNAs were analyzed by the method of Clarke and Clew 
(1966)  using a Taylor series expansion about the reference tem- 
perature 0: 

R In K, = -AG,"/0 + AH,"( 1/0 - U T )  

+ AC:,, [0 /T  - 1 + ln(T/0)], (6) 

where AG," is the  standard free-energy change, AH," is the  stan- 
dard enthalpy  change, and AC;,, (defined as (aAH,"/aT),) is 
the  standard heat capacity change of binding at constant pres- 
sure, all at the reference temperature 0. This form of the expres- 
sion describing the  temperature dependence of equilibrium 
constants has the desirable property that  the fitting  parameters 

AG,",  AH,", ACj,,, and (dACj, , /dT)B, if used, are independent 
of each other. Fitting for these parameters is easier with the 
Clarke and Clew equation than with the conventional van't Hoff 
plot, particularly if ACj,, and (dACj, , /dT),  are not 0. If they 
are 0, then either plot is linear. 

The reference temperature 0 was taken to be  283.15 K (10 "C), 
which  is the midpoint of the temperature range studied. The val- 
ues of AS,", the  standard  entropy change, were calculated from 
the values of AG," and AH," by using the relationship AG," = 
AH," - TAS;. The  Clarke and Clew plots of R In K, vs. T for 
the wild-type (square) and mutant DNA (circle) interaction with 
dHSF(33-163) are shown in Figure 7. In the nonlinear least- 
squares curve-fitting procedure, each In K, datum was  weighted 
with the normalized reciprocal of its variance, which was cal- 
culated from  the estimated standard error of In K ,  obtained in 
the analysis of the concentration  distribution data. The valid- 
ity of using these values for this purpose has been demonstrated 
(Lewis  et al., 1994). As shown in Figure 7, the differences in the 
relative affinity of dHSF(33-163) for  the 2 DNAs are obvious 
throughout  the temperature  range studied. The mutant DNA: 
dHSF(33-163) interaction shows a  greater  temperature depen- 
dency of In K ,  under the conditions  studied. 
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Table 1. Temperature dependence of the association 
constant of dHSF(33-163) binding to wild-type 
and mutant DNA 

Temperature Wild-type DNA Mutant DNA 
( "C) (In K,) (In KO) Ratio" 

2  17.84 t 1.91 14.43 t 0.13  30.3 
4  17.81 t 1.05 14.33 t 0.14 32.5 
6  17.52 t 1.44 14.53 t 0.1 1 19.9 
8 17.25 t 0.60 14.20 t 0.1 1 21.1 

10 17.63 t 0.98 14.20 t 0.11 30.9 
12  17.47 t 0.70 14.14 t 0.27 27.9 
14  17.32 t 1.21 13.84 t 0.10  32.5 
16 17.00 2 0.43 13.71 t 0.1 I 26.8 
18 17.13 2 0.57 13.31 2 0.10 45.6 

~ " 

"" 

Because Kd = exp(-In Ku), Kd = 3.63 x lo-' M for wild-type  DNA and 
a Ratio = (KII,wlld-type/K~,mutant) = exP(ln Ku,wild-rype - In K o . m u t a n t ) .  

Kd = 1.66 x M  for  mutant DNA at 18 "C.  

Table 2 summarizes the thermodynamic  parameters  charac- 
terizing the interaction of dHSF(33-163) binding to wild-type 
and mutant DNA. It is clear that  the characteristics of wild-type 
and  mutant DNA binding to dHSF(33-163) are quite  different. 
Because the value of AC:,, for the wild-type DNA binding is 
small in comparison to its standard error, it  might be argued that 
it is not really possible to distinguish this value from 0 (AC;,,, = 
0.3 1 +. 1.11). On  the other hand,  the value for the mutant DNA 
binding is significantly different  from 0 (AC:,,, = -1.67 k 0.45). 
The changes in values of AC; for some proteins have been corre- 
lated with changes in protein conformation (Privalov & Khechi- 
naschvili, 1974; Spolar et al., 1989; Livingstone et al., 1991). 
Therefore, although the near-0 value of AC:,o for  the wild-type 
DNA binding to dHSF(33-163) suggests that minimal changesin 
polypeptide conformation occur upon DNA binding, this is prob- 
ably not the case for  the binding of the  mutant DNA.  The  near-0 
value of AC: for  the binding of the wild-type DNA is in contrast 
to recent studies on sequence-specific protein-DNA interactions, 
which do show such temperature dependence (Ha et al., 1989; Jin 
et al., 1993; Lundback et al., 1993; Spolar & Record, 1994). It 
should be noted, however, that reactants used  in  these studies were 
of different size and had different stoichiometries than those stud- 
ied here. 

The  nondetectability of conformational changes of the 
dHSF(33-163) upon binding to wild-type DNA is further sup- 
ported by CD spectra measured in the presence and absence of 
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Fig. 7. Temperature dependence of the values of R In K ,  for  the inter- 
actions of the 13-bp wild-type (square) and mutant (circle) DNAs with 
dHSF(33-163) in 0.05 M KC1 with 10 mM potassium phosphate buffer, 
pH 6.3, and 0. I mM EDTAat equilibrium at a rotor speed  of 14,000 rpm. 
The data are fit with the Clarke and Glew equation with a reference tem- 
perature, 8,  of 283.15 K .  The estimated standard  errors  obtained when 
fitting the equilibrium concentration  distributions are summarized in 
Table I .  

DNA (Fig. 8). The CD spectra show almost identical spectral 
profiles both in the absence and presence of DNA. Therefore, 
based on the results of both ultracentrifugation and  CD analy- 
sis, the binding of the  HSF DNA-binding domain to its cognate 
site seems to occur without causing significant structural changes 
in the protein. The effect of mutant DNA on the CD spectra was 
not studied because it  was felt that  the much weaker binding of 
this DNA at the same molar stoichiometry used for the wild-type 
DNA would preclude obtaining  meaningful  results. 

If we compare the association constants measured at 0.05 M 
KC1 (Table 1) at the reference temperature (10 "C), the wild-type 
DNA shows a 31-fold greater  affinity for dHSF(33-163) than 
does the  mutant DNA. This difference is reflected in a AAGO 
value of -1.77 kcal mol-'  from  the thermodynamic analysis 
and is caused by a single base-pair substitution in the mutant 
DNA (Table 2). The value of AGO (-9.76 kcal mol") for the 
binding of wild-type DNA and dHSF(33-163) is characterized 
by a negative AHo (-7.48  kcal  mol") augmented by a positive 
A S o  (8.06  cal  mol" K-I). In contrast,  the value of AGO (-7.99 
kcal  mol") for the binding of the  mutant DNA is character- 
ized by a larger AHo (-10.78 kcal mol") opposed by a nega- 
tive ASo (-9.49 cal mol-'  K-I). On  the basis of the negative 
entropic term,  the binding of mutant DNA to dHSF(33-163) 
may be accompanied by immobilization of water molecules or 

Table 2. Summary of the thermodynamic parameters characterizing the interaction 
of dHSF(33-163) and wild-type and mutant DNAs" 
.. 

A ( 3 . 0  -AG," -AH," AS," 
DNA (kcal mol-' K-I) (kcal mol") (kcal mol-') (cal mol" K") RMSb 

Wild type 0.31 2 1.11 9.76 t 0.06 7.48 2 2.73 8.06 t 9.63 0.38 
Mutant - 1.67 t 0.45 7.99 2 0.03 10.78 t 1.00 -9.49 2 3.52 0.19 

a Buffer: 10 mM potassium phosphate, pH 6.3, containing 0.05 M KC1 and 0.1 rnM EDTA. 
Weighted RMS  error  obtained when fitting  the values of R In K, as a function of absolute  tempera- 

ture to obtain  the values of the  thermodynamic  parameters by using the  Clarke and Glew equation. 
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Fig. 8 .  CD spectra of dHSF(33-163) in  the presence (dotted line) and 
absence (solid line) of 13-bp wild-type DNA in 0.05 M KC1 with 10  mM 
potassium  phosphate  buffer,  pH  6.3,  and 0.1 mM EDTA.  The concen- 
tration of dHSF(33-163) was 33 pM.  The  protein-DNA complex had 
a I : 1 molar ratio. These spectra were recorded using a  Jasco 5-700 spec- 
tropolarimeter using a 0.05-cm pathlength cell at 20 "C. 

a  reduction of the degrees of freedom of the side chains, or a 
combination of both, resulting in a net increase of order in the 
system. 

Effects of monovalent  salt:  Specific vs. 
mutant  site DNA binding 

The effects of monovalent salt (KCl) concentration on  the as- 
sociation of dHSF(33-163) with wild-type and  mutant DNA 
were studied at 4 "C.  The low temperature and  the concentra- 
tion range of KC1  (0.05-0.15 M) were chosen because  of the low 
binding affinity of the  mutant DNA to dHSF(33-163) (see Ta- 
ble l) .  Under these conditions, it  is clear that  the binding of the 
dHSF(33-163) to  mutant DNA shows greater salt dependence 
than does its binding to the wild-type DNA (Fig. 9; Table 3). The 
interactions of dHSF(33-163) with mutant site DNA are more 
dependent on  the salt concentration  than on  the temperature. 
In the concentration  range  studied for the mutant DNA (0.05- 

n 
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Fig. 9. Salt dependence of the values of log Kd,obs  for  the  interactions 
of the 13-bp wild-type (square) and mutant (circle) DNAs with dHSF(33- 
163)  in 10 mM potassium phosphate  buffer,  pH  6.3, and 0.1 mM EDTA 
at  equilibrium  at  a  rotor speed of 14,000 rpm at  4°C. 

0.1 M), the  ratio of the association constants of the wild-type 
and  mutant DNA:dHSF(33-163) binding radically increased 
from 33-fold at 0.05 M KC1 to 308-fold at 0.1 M KC1 (Table 3), 
a 9.3-fold increase in  these ratios. This difference is also reflected 
in the increase of the AAG'value from 1.92  kcal mol-' at 0.05 M 
KC1 to 3.15 kcal mol" at 0.1 M KCI. This salt dependency is 
in marked  contrast to  the temperature dependency if we com- 
pare the ratio of association constants measured as a  function 
of salt concentration to those measured as a  function of tem- 
perature for the protein-DNA interaction (see Table 1). 

The data were then analyzed using the  theory of protein- 
polyelectrolyte interactions (Record et al., 1978,  1991; Mascotti 
& Lohman, 1992)  in order to evaluate the effects of salt concen- 
tration on  the binding to dHSF(33-163). Accordingly, the as- 
sociation of an oligocation Lz+, in this case (dHSF(33-163)), 
with helical B-DNA can be described by the cation-exchange 
equation with the monovalent ion, 

Lz+ + B-DNA - complex + z$ Kt, 

where z is the net positive charge  on the polypeptide and IC. is 
the thermodynamic extent of cation binding per phosphate. The 
values  of are predicted to range from 0.88 for double-stranded 
B-form  DNA to  -0.7  for  single-stranded polynucleotides 
(Record et al., 1991; Mascotti & Lohman, 1992). The depen- 

Table 3. Salt dependence of the binding of dHSF(33-163) to  DNA 
- ~. 

Wild-type DNA Mutant DNA 
~ ~. ~ 

- A G O  -AGO A A G O  

[KC11  In  K, (kcal mol-') In K, (kcal mol") (kcal mol") Ratio" ~ ~ _ _ _ _ _ _ _ _ _ _ ~ _ - ~  ~ " _ _ _ _ _ ~  

0.05 17.81 f 1.91 9.81 14.33 k 0.13 1.89 1.92 32 
0.075 16.22 f 0.63 8.93 11.86 * 0.12 6.53  2.40 78 
0.10 15.57 f 0.55 8.57  9.84 * 0.12 5.42 3.15 308 
0.125  14.38 f 0.32 7.92 N . D . ~  
0.15 13.01 f 0.14 7.16 N.D. 

-~ 

N.D. = not  determined because of the low affinity of mutant  DNA for dHSF(33-163) at these salt 
a Ratio = Ka,wi,d.type/Ka,mutant = exP(ln Ka,wiid-type - In Ko,rnutant). 

concentrations. 
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dence of Kobs on monovalent  cation  concentration for  the sta- 
bility of an  LZ+-B-DNA complex can be described by 

where log Kd,obs = -In KJ2.303. Figure  9 shows that  the plot 
of log  vs.  log [K+] is linear, as predicted by this equation. 
The value of z calculated from  the slope for wild-type DNA 
binding is  4.2, implying that there are 4-5 ionic interactions  in- 
volved in this binding. The theory assumes that log Kd,nonionic - - 
log Kd  when [K'] = 1 .O M; the value of Kd = -3 mM indicates 
a 33% ionic contribution to  the equilibrium constant at 0.05 M 
KCI. In contrast,  the  mutant DNA:dHSF(33-163) association 
appears to be characterized primarily by ionic interactions. The 
calculated z value of 7.5 for this binding, implying 7-8 ionic in- 
teractions, suggests that  the binding of dHSF(33-163) to the mu- 
tant site involves almost twice the number of ionic interactions 
as are involved  in  site-specific binding and  that ionic interactions 
represent a dominant force in mutant site binding. 

Discussion 

The sequence-specific binding of the  heat shock transcription 
factor HSF  to DNA initiates the activation of the heat shock re- 
sponse in multicellular eukaryotes. In Drosophila and other eu- 
karyotes, the latent HSF protein  acquires high DNA-binding 
affinity by conversion from a  monomeric form  to a  homotri- 
mer (Westwood & Wu, 1993). The  trimeric form of HSF binds 
specifically to  the  HSE in vitro and is redistributed  upon  heat 
stress from nonspecific sites  in chromatin to the heat shock chro- 
mosomal loci and  other specific sites in vivo (Westwood et al., 
1991). Because the occurrence of  a  trimeric DNA-binding pro- 
tein is unusual in nature, how the  HSF trimer specifically rec- 
ognizes its cognate  DNA site may provide useful insights in 
protein-DNA  interactions. 

In  this report, we have initiated  a biophysical analysis of the 
sequence-specific interaction of the Drosophila HSF DNA- 
binding domain using analytical  ultracentrifugation. The puri- 
fied, bacterially expressed polypeptide dHSF(33-163) exists as 
a monomer in solution and binds to a 13-bp DNA duplex con- 
taining  a single NGAAN sequence with 1: 1 stoichiometry and 
a standard free energy change of -9.81 kcal mol". The  bind- 
ing to a  mutant NCAAN sequence was found to decrease by  20- 
308-fold, depending on temperature and ionic conditions. These 
findings provide solid experimental support for a model for the 
high-affinity binding of HSF trimers to  DNA, in which 1 HSF 
subunit of the trimer contacts 1 of 3 NGAAN modules compris- 
ing the 15-bp HSE (Perisic et al., 1989; Sorger & Nelson, 1989). 
Thus, high-affinity binding to  the  HSE would be achieved by 
the concerted interactions of all 3 DNA-binding domains. 

Throughout  the 2-18 "C temperature  range  studied,  the af- 
finity of dHSF(33-163) for wild-type DNA in 0.05 M KC1  is  20- 
45-fold higher than  the affinity for  mutant DNA. Thus  the 
AAG' value of 1.77 kcal mol" is caused by a single base-pair 
substitution in the  mutant DNA.  This G to C  substitution has 
been previously reported to neutralize the biological activity of 
an  HSE  (Xiao & Lis, 1988), a  finding consistent with the stud- 
ies of other sequence-specific DNA-binding  proteins, where a 
single base pair may simultaneously interact with several differ- 
ent amino acids, e.g.,  the complexes between DNA and  the 434 
repressor (Aggarwal et al., 1988), the HNF-3  (hepatocyte nu- 

clear factor-3) DNA-binding domain (Clark et al., 1993). The 
interaction  of dHSF(33-163) with the  mutant DNA site shows 
somewhat greater dependence on temperature and much greater 
salt dependence than  the sequence-specific interaction. Our data 
suggest that  the  mutant site binding of dHSF(33-163) to DNA 
involves about twice as many ionic interactions as to  the wild- 
type sequence. 

The differences in thermodynamic  parameters for wild-type 
and  mutant site interactions are quite  marked. The thermody- 
namic parameters summarized in Table  2 suggest that  the reac- 
tion mechanisms for the binding of wild-type and mutant DNA 
differ significantly. Note that  the interaction of mutant DNA 
with dHSF(33-163) is essentially enthalpically driven, because 
AH: = -10.78 kcal  mol",  which  is opposed by TAS: = -2.69 
kcal  mol",  giving AG: = -7.99  kcal  mol". This is in contrast 
to  the wild-type DNA:dHSF(33-163) interaction, where the 
change in enthalpy is  still dominant (AH: = -7.48  kcal  mol") 
but now TAS: = +2.28 kcal mol-', giving AG: = -9.76 kcal 
mol". These marked differences and  the differences in AC; 
suggest that there are very different driving forces in the recog- 
nition processes for dHSF(33-163) and  the wild-type and mu- 
tant DNAs. 

As shown in Table 3, the difference in free energy of binding 
for the monomeric dHSF(33-163):DNA interaction is 3.15 kcal 
mol-'  at 0.1 M KC]. This experimental result for the values of 
AAG' for  a G to C  substitution is close to the theoretical esti- 
mate of AAG' of 5.0 kcal mol-]  for a G to T  substitution cal- 
culated by Lis  et al. (1990)  using the  theory of Berg and von 
Hippel (1988). However, considering that our estimation is cal- 
culated based on the data measured at 0.1 M KCI, the AAG' of 
mutant DNA binding and sequence-specific binding could be 
higher at physiological salt concentrations. 

Although the molecular details of how transcription  factors 
scan hundreds of thousands of base pairs and bind to their cog- 
nate sites are largely unclear, it appears that  the activated form 
of HSF (assuming homogeneous trimerization) could recognize 
the HSE with up  to 106-107 times greater affinity at 0.1 M KC1 
than its ability to recognize nonspecific sites. The change in free 
energy for site-specific binding would be  -26 kcal mol"  (3 x 
-8.57  kcal mol-') as compared to -16  kcal  mol" for mutant 
site binding (3 X 5.42 kcal  mol"). This gives a -10 kcal mol" 
difference in the change of free energy of binding,  correspond- 
ing to a 5.2 X 107-fold increase in the association constant for 
binding to the 15-bp heat shock element. Considering the dif- 
ferences in analytical techniques and reactants, this value is not 
inconsistent with an earlier estimate of a - 106-fold difference 
between specific and nonspecific binding affinities for  the full- 
length HSF trimer  obtained using a filter binding assay (Wu 
et al., 1987). It will  be of interest to extend our present findings 
to  an analysis of the binding of full-length HSF trimers to  the 
HSE. 

Materials and methods 

Sample preparation 

BL21(DE3) cells transformed with pHSF(33-163) were grown 
in 2  L of E. coli culture at 37 "C in LB medium containing 
100 pM ampicillin. Isopropyl  P-thiogalactopyranoside (IPTG) 
was added  to  attain a  concentration  of 0.6 mM  when OD6,,,,,,,,, = 
0.6, and  the cells  were harvested 2 h after  IPTG induction. The 
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bacteria were  pelleted by centrifugation (6,000 x g, 10 min, 4 "C) 
and resuspended in 0.4 M KC1 solution in buffer  A (buffer A: 
10  mM potassium phosphate, pH 6.3, with 0.1 mM dithiothreitol 
[DTT] and 0.1 mM phenylmethanesulfonyl fluoride [PMSF]). 
After disruption by sonication at 100 mW for  2 min, the lysate 
was  chilled on ice for 10 min. The bacterial debris was  removed 
by centrifugation (6,000 X g ,  10 min, 4 "C), and  the  supernatant 
was frozen in liquid nitrogen and stored at -80 "C until further 
purification. 

For  purification of the  recombinant dHSF(33-163), 40 mL 
of the crude supernatant was diluted with buffer A to a KC1 con- 
centration of 0.1 M and chromatographed on a 20-mL heparin- 
Sepharose CLdB column (Pharmacia). The column was  washed 
with buffer A containing 0.2 M KC1 and eluted with 0.4 M KC1 
in buffer A. The  heparin  column  fractions were pooled and di- 
luted to 0.05 M KC1 in buffer  A and were further  chromato- 
graphed on  a IO-mL fast-flow S-Sepharose column (Pharmacia). 
After washing with ca. 10 column volumes  of buffer A contain- 
ing 0.1  M KCl, the sample was eluted with buffer  A  containing 
0.2 M KCl. The extent of purification of the protein was eval- 
uated by SDS-polyacrylamide gel electrophoresis. 

The extinction coefficient of dHSF(33-163) was determined 
from  absorbance measurements made using a Hewlett Packard 
8452A diode array spectrophotometer.  Protein  concentration 
was determined using a Bio-Rad (Richmond,  California)  pro- 
tein assay kit. A value of E~~~~~ = 9,079 M-l cm" was calcu- 
lated based on  a molecular mass of dHSF(33-163) of  15,259 Da 
from  the  amino acid sequence. 

The DNA was synthesized with a  dimethoxytrityl  (DMT) 
group  on  the 5"terminus and purified on a  Poly-Pak  cartridge 
(Glen Research, Virginia). The concentrations of single-stranded 
and double-stranded DNAs were determined spectrophotomet- 
rically using extinction coefficients that were calculated from a 
summation of coefficients of individual bases corrected for near- 
est neighbor contributions (Allen  et al., 1972; Puglisi & Tinoco, 
1989). The  2 DNAs have the same  molar mass of 8,011 Da  and 
the same extinction coefficient of E~~~~~ = 90,489 M" cm-I. 

The duplex DNA was formed by mixing equimolar concen- 
trations of 2 single-stranded DNAs and incubating at 80 "C  for 
30 min, followed by  slow cooling to room temperature; the DNA 
solution was then  further cooled to 4  "C.  The duplex DNA was 
isolated by applying the  solution to a Centricon-30 concentra- 
tor  (Amicon,  Massachusetts).  The DNA retained  on  the 
Centricon-30 tube  contained the 13-bp double-stranded DNAs. 
The purity of the double-stranded DNA was confirmed by an- 
alytical ultracentrifugation and showed no indication of the pres- 
ence of single-stranded DNA. These synthetically  prepared 
13-bp double-stranded  DNAs had  the sequences 5'-GGGCA 
GAACGCCG-3' (wild-type) and 5'-GGGCACAACGCCG-3' 
(mutant). 

Mass spectroscopy 
Mass spectra were obtained at the  Harvard Microchemistry Fa- 
cility (Cambridge, Massachusetts) using a Finnigan-MAT (San 
Jose, California)  TSQ 700 triple quadruple mass spectrometer 
equipped with an electrospray ion source (Chait & Kent, 1992). 

CD spectra 
CD spectroscopy was carried out on a  JASCO 5-700 instrument 
with a 0.05-cm  cell at 33 pM protein concentration at 20  "C.  Five 

accumulated scans were taken for each sample at a scan speed 
of 50 nm/min. Measurements were made in  10 mM potassium 
phosphate  buffer at  pH 6.3 containing 0.05 M KC1 and 0.1 mM 
EDTA. The spectra of the protein-DNA complex were taken 
from an  equimolar mixture of protein and DNA. 

Analytical ultracentrifugation 

Solutions of polypeptide and DNA, and a 2: 1 molar ratio mix- 
ture of polypeptide and DNA were simultaneously centrifuged 
to equilibrium at a rotor speed of 14,000 RPM  at temperatures 
ranging from 2 to 18 "C. Except for experiments evaluating the 
salt dependence,  the  buffer used was 50 mM KCl, 10 mM po- 
tassium phosphate, pH 6.3, and 0.1 mM EDTA. Equilibrium 
was considered to have been attained when the scans at 280  nm 
and 260 nm had been invariant for 24 h. Equilibrium at 2 "C 
was attained by 72 h,  and scans were then  taken at 280 nm,  at 
260 nm,  and  from 240 nm through 230 nm at 2-nm increments. 
Similar scans were taken at 2" temperature  increments; 12 h 
were allowed for reequilibration following each increase in 
temperature. 

DNase I footprinting assay 

The DNA fragment for  the DNase I footprinting assay was  pre- 
pared by a polymerase chain reaction using as template a plasmid 
carrying the Drosophila hsp promotor (pdhspXX3.2; Tsukiyama 
et al., 1994). A primer corresponding to - 184 to - 165  of the Dro- 
sophila hsp 70 promoter was terminally labeled with [Y-~'P]ATP 
and T, polynucleotide kinase, and  the  PCR was performed 
with another primer corresponding to sequences from + 19 to 
+36.  The PCR fragment was purified by  gel electrophoresis. 

For  the footprinting  reaction,  approximately 20 fmol of the 
PCR fragment was incubated with different amounts of recom- 
binant HSF protein in  20 pL of reaction mixture (25  mM Tris 
HCI,  pH 7.4, 50 mM KCl, 0.1 mM EGTA, 0.5 mM DTT, 5% 
glycerol, 0.5 pg of E. coli DNA, 20 pg bovine serum albumin). 
After  incubation at room  temperature for 30 min, 2 pL  of 10 
U/mL DNase I (Boehringer) was added  and incubated for 1 min 
at room  temperature. DNase I digestion was terminated by the 
addition of 80 pL of stop buffer (20 mM Tris HCl,  pH 8.0, 
20  mM EDTA, 100  mM  NaC1, 0.8% SDS, 0.1  pg/pL E. coli 
DNA). The  DNA was then purified by organic  extraction and 
ethanol precipitation and separated on a 6% sequencing gel. 

Note added in proof 

Because of the potential for error in protein extinction coeffi- 
cients measured using the Bio-Rad method with bovine serum 
albumin (BSA) as a standard, we have redetermined the extinc- 
tion coefficient of dHSF(33-163) using the method of Gill and 
von Hippel (1989). This resulted in an increase of eZBOnm from 
9,079 M-l cm" to 15,154 M" cm-', giving a decrease in the 
values of In K, of approximately 0.4 (2-4% decrease), with a 
concomitant increase in the values of AGO (-0.2 kcal mol-'). 
The experimentally determined extinction coefficient (15,154 
M-' cm")  is close to  the  one calculated from  the  amino acid 
composition (15,340 M-l cm"). The other thermodynamic pa- 
rameters given in Tables 2 and 3 (including AAG') are essen- 
tially unaffected. 
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