
© 1994 Nature Publishing Group  http://www.nature.com/nsmb• editorial 

Some like it hot 
Cells of both unicellular and 
multicellular organisms are 
regularly exposed to any 
number of stressful condi
tions: elevated temperatures; 
poisons such as heavy metals, 
ethanol, oxidants and toxins; 

and infection by both bacteria and viruses. 
Such conditions evoke a rapid and dramatic 
reprogramming of gene expression within 
cells, resulting in the coordinated expression 
of a small number of highly conserved genes 
encoding the 'heat shock' proteins. The tran
scription of these genes, in eukaryotes, is 
mediated by the heat shock factor (HSF). Two 
papers in this issue of Nature Structural Biol
ogy1·2, as well as a recently published study3 
and one due to appear shortly4, provide the 
first glimpse of how this intriguing protein 
gets to grips with DNA. 

The targets of HSF - the heat shock genes 
- encode proteins which are numbered 
among the molecular chaperones. As such 
they play a vital role in protecting the cell 
from adverse conditions, primarily by bind
ing to hydrophobic surfaces exposed on par
tially or completely unfolded proteins, 
thereby preventing them from aggregating 
and gumming up the cellular machinery. 

The HSF protein is unique among the 
known transcription factors in that it associ
ates in solution and binds to DNA as a tri
mer, rather than the usual monomer or 
dimer. Oligomerization is mediated through 
a highly conserved region consisting of hy
drophobic heptad repeats that form a triple
stranded coiled coil, similar to that found in 
influenza haemagglutinin. 

DNA binding is mediated through a sec
ond highly conserved domain connected to 
the oligomerization domain by a short linker. 
The recognition sequence, or heat shock ele
ment (HSE) consists of a minimum of three 
repeats of the sequence NGAAN (where N is 
any nucleotide). An isolated DNA-binding 
motif binds to an individual NGAAN element 
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in the same way as the trimer binds to mul
tiples of the same sequence in vivo, but with 
a lower affinity. These results suggest that the 
fold of the isolated domain is essentially the 
same as that in the trimer but that the oligo
meric organization is important for tight -
and cooperative -binding to DNA. 

No new domain 
The primary sequence of the HSF DNA-bind
ing domain shows no homology to any of the 
recognized DNA-binding architectures -
other than a passing resemblance to the bac
terial O' factors - and so there were high 
hopes that determination of the three dimen
sional structure would reveal a new DNA
binding motif. Such hopes proved ill
founded; rather, HSF provides a further ad
dition to the list of examples where gazing at 
polypeptide sequences fails to reveal struc
tural homology. The HSF DNA-binding do
main in fact shows a strong resemblance to 
the helix-tum-helix (HTH) family of DNA
binding proteins, and in particular the (a+~) 
class of HTF proteins best exemplified by the 
catabolite activator protein, histone HS, and 
the HNF-3/fork head motif. 

The equivalent DNA-binding domains 
from Drosophila1 and milk yeast 
( Kluyveromyces lactis )3A show essentially iden
tical structures: a bundle of three a-helices is 
packed against a small four-stranded antipar
allel ~-sheet. An unusually crooked helix two 
(H2), helix three (H3) and the turn that links 
them form the HTH motif. These observa
tions in turn suggest that it is the amphipathic 
H3 that inserts into the major groove of DNA 
and makes both base-specific interactions 
with the NGAAN recognition sequence and 
phosphate-backbone contacts. The two 
complementary analyses featured in this is
sue - one an extension of the NMR struc
ture determination1 and the other using mu
tagenesis in combination with yeast genetics2 

- provide independent confirmation of the 
predicted mode of interaction with DNA. 
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Vuister and colleagues1, as part of their 
characterization of the structure and function 
of HSF using NMR spectroscopy, have fol..: 
lowed the exchange broadening of the 1H-15N 
correlations upon titration of 15N-labelled 
HSF with a single copy of the NGAAN bind
ing motif. The residues whose spectra are 
most affected by the presence of the single 
HSE are found throughout H3 and are clus
tered in the loop region just preceding H3, 
implicating this site as the major interac
tion surface with DNA. 

The genetic assay used by Hubl and col
leagues2 to determine residues important 
for the function of HSF in vivo relies on 
the fact that HSF is essential for viability 
in baker's yeast, Saccharomyces cerevisae, a 
close relative of milk yeast. These authors 
have mutated the 24 most highly conserved 
amino acids in the DNA-binding domain, 
as well as carrying out an 'alanine scan' 
mutagenesis on all the solvent exposed resi
dues in the domain. Gratifyingly, the sets 
of mutations correlate with one another 
and the data from the NMR experiments 
- many of the residues essential for viabil
ity are located on or near H3, again sugges
tive that H3 is very likely the major contact 
site with DNA. 

The details of the interaction will, as ever, 
have to await the determination of the struc
ture of the protein-DNA complex when there 
no doubt will be further interesting revela
tions. Although clearly a member of the HTH 
family of proteins HSF has a number of dis
tinct features that will very likely influence 
its interaction with DNA. The first is the un
usual proline-induced kink as well as the a
helical bulge in H2, features almost certainly 
conserved in all HSF proteins. The second is 
the small angle seen between H2 and H3; 80° 
for both the milk yeast and fruit fly HSF, 
whereas the norm for other members of the 
HTH family ranges from 102° to 126°. 

Stressful activation 
Even when we are familiar with the details of 
the interface between the HSF and HSE sev-

eral intriguing questions will remain. Hov. 
does a trimeric protein, held together by a 
triple-helical coiled coil and presumably 
with threefold symmetry, bind to multiple 
tandem repeats of the HSE, which have 
twofold symmetry? The solution must lie 
at least in part in the observation that the 
alternating orientation of the N GAAN 
motifs places each successive binding site 
on alternate sides of the DNA and in the 
conserved flexible linker that tethers the 
trimerization domain to the DNA-binding 
domain. 

Perhaps of most interest is the mecha
nism by which the HSF is activated in re
sponse to stress, thereby facilitating tran
scription of the heat shock genes5• DNA
binding by HSF is, in metazoans at least, 
regulated by suppressor factors and is fa
cilitated by the conversion of monomeric 
HSF to its trimeric form . How is this tran
sition controlled? One possibility is that an 
intramolecular coiled coil interaction be
tween the trimerization hep tad repeats and 
a heptad repeat found at the carboxy-ter
minal end of metazoan HSFs prevents oli
gomerization. Another is that the heat 
shock proteins themselves may bind to HSF 
and prevent the intermolecular interaction. 
In yeast, DNA-binding by HSF is constitu
tive and it is the ability of HSF to 
transactivate gene expression that is nega
tively regulated, again possibly by intramo
lecular repression. Comparison of these 
two modes of regulation will provide an 
interesting evolutionary perspective on the 
control of gene expression. 
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