Crystal Structure of the DNA Binding Domain of
the Heat Shock Transcription Factor
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The structure of the DNA binding domain, determined at 1.8 angstrom resolution,
contains a three-helix bundle that is capped by a four-stranded antiparallel 8 sheet. This
structure is a variant of the helix-turn-helix motif, typified by catabolite activator protein.
In the heat shock transcription factor, the first helix of the motif («2) has an a-helical bulge
and a proline-induced kink. The angle between the two helices of the motif (a2 and a3)
is about 20° smaller than the average for canonical helix-turn-helix proteins. Neverthe-
less, the relative positions of the first and third helices of the bundle (a1 and a3) are
conserved. It is proposed here that the first helix of the three-helix bundle be considered

a component of the helix-turn-helix motif.

All cells respond to stress, such as heat
shock or chemical or environmental per-
turbations, by rapidly expressing a small
number of proteins known as the heat
shock proteins. These proteins are
thought to protect the cell from damage.
In eukaryotes, the expression of these
proteins is regulated by the heat shock
transcription factor (HSF) (1), which is a
trimeric DNA binding protein that recog-
nizes a DNA sequence called the heat
shock element (HSE) (2, 3). HSFs have
been cloned and sequenced from many
eukaryotes, including yeast, fruit fly, to-
mato, chickens, mice, and humans (4-6).
Two highly conserved regions are found in
all HSFs: the DNA binding domain and
the trimerization domain. We have shown
previously that yeast HSF exists as a trimer
in solution and that it binds HSEs as a
trimer (2). The DNA binding monomer is
a small globular domain of approximately
90 residues (7). Sequence alignment pro-
grams have failed to show any similarity
between the DNA binding domain of HSF
and other known structural motifs (8).
The model for DNA binding assumes each
monomer contacts a 5-bp nGAAn box of
the HSE (3). Although the DNA binding
domain alone binds DNA with a lower
affinity than the trimeric form of the
protein, we have shown using deoxyribo-
nuclease I footprinting that the domain
recognizes HSEs specifically and has a
footprint similar to that of the trimeric
protein (8).

The DNA binding domain crystallized
in the orthorhombic space group P2,2,2,,
with unit cell dimensions of a = 36.8, b =
34.3, and ¢ = 67.0 A and one molecule per
asymmetric unit (9). One native data set to
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2.7 A was collected on an Enraf-Nonius
FAST area detector, and another native
data set to 1.8 A was collected on a Rigaku
RAXIS IIC Imaging Plate System (Table
1). Two derivatives were used in solving
the structure: potassium hexachloroiridate
was cocrystallized with the protein at a
concentration of 1 mM and selenium was
incorporated into the protein as selenome-
thionine (10).

We solved the structure by the method
of multiple isomorphous replacement and
refined the model using X-PLOR 3.1 (11,
12) (Table 2). Figure 1A shows sample
electron density from a simulated annealing
omit map. The current model includes side
chains for all visible 88 amino acids, as well
as 81 water and 2 acetate molecules, for a
total of 873 nonhydrogen atoms. Four res-
idues (269 to 272) remain untraced. The R
factor is 18.9% for all data between 8.0 and
1.83 A, and the value for Rf;“ is 24.8%.
The average B factor for all nonhydrogen
atoms is 19.5 AZ. The root-mean-square
(rms) deviations from ideal bond lengths
and angles are 0.010 A and 1.45°, respec-
tively. There are no Ramachandran outli-
ers, and the positions of all bound water
molecules and acetate ions are~chemically
reasonable.

In the DNA binding domain of HSF, the
three a helices form a compact three-helical
bundle (Fig. 1B). The four B strands form a

single antiparallel B sheet, which closes off
the hydrophobic core formed by the bundle.
An extended loop, formed by residues 260
through 276, lies between the last two B
strands and protrudes out from the molecule.
Although residues 260 to 268 and 273 to 276
are well ordered, residues 269 to 272 have no
clearly interpretable electron density. The
loop is partly tethered by crystal contacts to
a symmetry related molecule, and it is pos-
sible that it will adopt a different conforma-
tion when outside the crystal environment.
The length of this loop differs in the various
HSF sequences, with the only conserved
residue being Gly?¢7 at the turn of the loop
(Fig. 2).

The second and third helices (a2 and
a3) comprise the helix-turn-helix motif
(13). This region lies in the most con-
served part of the HSF DNA binding
domain, with 12 of 27 amino acids iden-
tical in all known HSFs (Figs. 1B and 2).
This region has a sequence similar to that
of a portion of the yeast suppressor gene
for flocculation (SFL-1) and to that of a
portion of the yeast suppressor gene for
cell wall B-glucan assembly (SKN-7),
which suggests that the two proteins en-
coded by these genes may also contain a
helix-turn-helix motif (14).

Surprisingly, helix a2 has a proline-
induced kink as well as an a-helical bulge,
which results in major perturbations of the
helix (Fig. 3A). The helix is kinked by 29°
centered around the proline, compared to
the average of 26° for proline-induced kinks
(15). The proline at residue 238 is found in
all known HSFs. A corresponding proline is
found in SKN-7, but not in SFL-1.

Immediately before the proline is an
a-helical bulge (Fig. 3A). The bulge is
caused by a “looping out” of the helix
between two hydrophobic residues, Phe?3?
and Leu?3?, which are buried in the hydro-
phobic core. The phenylalanine and leu-
cine are conserved in all HSFs. Normally, o
helices within proteins have two or three
amino acids between buried residues of the
helix. The DNA binding domain of HSF
has four amino acids between the two an-
choring hydrophobic residues in the helix,

Table 1. Data statistics. Data sets for the two derivatives were collected on a FAST area detector.
Cell dimensions for these two derivatives were identical to those of the native crystal.

. . Com-

. Resolution Total Unique o
Derivative (A) observations* reflections plet(c;gess Foym €)1
Native 1% 27 7,981 2,373 92 4.3
Native 2§ 1.8 40,007 7,654 96 6.6
Seleniumi 25 4,333 2,930 89 4.3
KalrClgt 2.6 6,914 2,354 80 4.3

*All reflections Flo(F) > 0.0 were used; F, structure factor amplitude.

(1) is the average of /, (the intensity at any given position) over all symmetry equivalents.
on a FAST area detector with a Rigaku rotating anode operating at 50 kV and 100 mA.

TReym (%) = 100 2,|(l,) - l,|/§ 1, where
fData collected at 8°C
§Data collected at 8°C

on a RAXIS IIC imaging plate with a Rigaku rotating anode operating at 50 kV and 150 mA.
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and consequently Glu?*® bulges out (16).
Naturally occurring a-helical bulges have
been seen in other proteins, including mer-
curic ion reductase and ribonucleotide re-
ductase (I17). In both of these cases, the
extra amino acids appear to be required for

zyme show that the inserted amino acid is
accommodated as a bulge (18, 19). At pres-
ent, we do not know the functional signifi-
cance of the a-helical bulge or proline kink
in the a2 helix of HSF. Given the presence
of these two features, it is not surprising

activity. Studies with helix insertion mu-
tants of staphylococcal nuclease and lyso-

that secondary structure programs failed to
predict a helix-turn-helix motif in HSF.

Table 2. Phasing statistics. In the case of the selenomethionine derivative, selenium and sulfur
differ by only 18 electrons, but the derivative has an occupancy of at least 95%. In the case of
the iridium data set, we estimate that the iridium was incorporated into the crystal with ~20%
occupancy for the major site and ~10% occupancy for the minor site. Difference Patterson maps
were calculated and inspected for the peaks. Peaks corresponding to two selenium sites and one
major and one minor iridium site were picked by HASSP, an automated heavy atom search and
superimposition program (28). Single isomorphous replacement phases were calculated for
each derivative with the package PROTEIN (29), and the origins were correlated by difference
Fourier techniques. Heavy atom parameters were refined and multiple isomorphous replacement
phases calculated within PROTEIN. The handedness of the structure was determined by the
stereochemistry of the a helices.

Deriva- Resolution Unique Number of Phasing

tive A reflections* Fiso (%)1 sites Feunst power§
Iridium 27 2,005 4.3 2 0.68 1.51
Selenium 27 2,095 9.8 2 0.66 1.75

*Unique reflections from 10.0 to 2.7 A, with 2,244 native reflections phased of 2,246 total. tRs, = 100 Z|FZ,

— F3|/= (F3, + F3). where F,, and F, are the derivative and native structure factor amplitudes, respectively.
Isomorphous differences are reported after local scaling. 1R s = Z|Fen = Fo| = Fy (calC)|/Z|Fpy = Fpf for
centric reflections. §Phasing power is the rms heavy atom structure factor amplitude divided by the residual
lack of closure error.
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Helix-turn-helix proteins can be divided
into two classes: an all a-helical class and
an a helix and B sheet (a + B) class. Our
structure places HSF in a family of similar a
+ B DNA binding proteins that use varia-
tions on the helix-turn-helix motif to con-
tact DNA. These proteins [catabolite acti-
vator protein (CAP), histone H5, HNF-3/
fork head motif, biotin repressor, and HSF]
share an overall compact structure of three
« helices and a three- or four-stranded B
sheet (20-23). HSF and CAP share an
al-B1-B2-a2-a3-B3-B4 sequence of sec-
ondary structure elements. HNF-3/fork head
motif, histone H5, and biotin repressor
share an al-Bl-a2-a3-B2-B3 sequence of
secondary structure elements.

When the al and o3 helices of HSF are
superimposed with a typical @ + B helix-
turn-helix protein such as CAP, it is obvi-
ous that the a2 helices are in quite different
positions (Fig. 3B). Biotin repressor is sim-
ilar to CAP, but histone H5 and HNF-3/
fork head motif also have displaced a2 hel-
ices. For all of these proteins, a1 and a3 are
more conserved in their relative positions
than a2 and a3. This emphasizes the im-
portance of al and a3 in the helix-turn-
helix motif. In addition to a variation in
the interhelical angle, there are differences
in the length of the turn between the
helices of the helix-turn-helix motif. CAP
and biotin repressor have three amino acids
in the turn, with glycine at the first position
in the turn. The other proteins have longer
turns: HSF has five amino acids, histone H5
has six amino acids, and HNF-3/fork head
motif has eight amino acids. We would
place the three eukaryotic proteins (HSF,
HNEF-3/fork head motif, and histone H5) in
a special class of helix-turn-helix variants
that have a noncanonical a2-a3 interheli-
cal angle and turn (24).

The different modes of DNA binding for
the a + B class of helix-turn-helix proteins
illustrate the generality of the helix-turn-
helix motif. HSF is the only known trimeric
DNA binding protein. Although histone H5
and HNF-3/fork head motif bind DNA as
monomers, CAP and biotin repressor bind

Fig. 1. (A) Stereo view of sample F, — F_
(2.20) electron density at 1.8 A for the refined
model. A simulated annealing omit map was
calculated with all the side chains from the
hydrophobic core omitted. (B) Stereo view of
the tertiary structure of the DNA binding do-
main of yeast HSF (30). Residues that are
identical in all known HSFs are colored yellow,
the most highly conserved residues within all
HSFs are colored green, and other residues
are colored blue. The secondary structure
elements are al (residues 197 to 207), 1
(residues 216 to 217), B2 (residues 224 to
226), a2 (residues 229 to 240), a3 (residues
246 to 255), B3 (residues 258 to 259), and B4
(residues 277 to 281).
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DNA as dimers. If we use biochemical evi-
dence to estimate the number of base pairs
bound by each monomer, HSF contacts 5 bp
(3), HNF-3/fork head motif and CAP each
contact around 14 bp, and biotin repressor
appears to contact 18 bp (25). Histone H5 is
thought to bind to DNA nonspecifically
(22). We have used gel permutation assays
to show that the DNA is not appreciably
bent by trimers of HSF (26). The dimeric
CAP and the monomeric HNF-3/fork head
motif are both known to bend DNA, which
accounts for their more extensive protein-
DNA interfaces (20, 23). HSF, CAP, and
HNEF-3/fork head motif have most of their
contacts with the major groove of DNA.

At this time, protein-DNA cocrystal
structures of the a + B class of helix-turn-
helix proteins are available for only HNF-3/
fork head motif and CAP (20, 23). Like all
other helix-turn-helix proteins, CAP and
HNF-3/fork head motif use a3 as the major
determinant for DNA recognition. These
two proteins also use the NH,-terminal
ends of both al and a2 to make phosphate
backbone contacts to DNA. On the basis of
these studies, we suggest that o3 serves as
the primary recognition helix of the DNA
binding domain of HSF. This is supported
by preliminary genetic evidence on Saccha-
romyces cerevisiae HSF (27). At present, we
have no information on possible al and a2

194 200 210 220 230 240 250 260 270 280

kla ARPAFVNKLWSMVNDESNEKF IHWSTSGESIVVPNRERFVQEVLPKYFEHSNFASFVRQLNMYGWEKVQDVESG- SMLSNNDSRNEFENERHA

BCv 8. b DL T L.OQ.ARD. K. FI.T. . . E. BOY...cucuucncrcsrarssssssnnsanans -.IQ0.88.DK.Q....
hul NV...LT...TL.S.PDTDAL.C..P..N.FH.FDQGQ.AK......... 5 SO — FR. .VHIEQ.-GLVKPERDDT..Q.P
hu2 NV...LS...TL.EETHTNE..T..QN.Q.FL.LDEQ..AK.I....... HM.cooonnnnnn FR..VHID. .-IVKQER.GPV. .QHP
drc GV...LA...RL.D.ADTNRL.C.TKD.Q.F.IQ.QAQ.AK.L..LNY..N.M...I.......F..ITSIDN.--G.RFDR.EI. . SHP
tom APAP.LL.TYQL.DDAATDDV.S.NEI.TTF..WKTAE.AKDL....... N.uBevevann T..FR.I------—==-—=- VPDK...A..
sfl QNAI.IH.LYQILEDESLHDL.W.TP..L.FMIKPV...SKA-.AT....T.IT....... I..F...8=========== PTKI...KHS
skn PANE..R..FRILENNEYPDIVT.TEN.K.F..LDTGK.TTHI..NH...oovussssann K.DF. . .KRSPEERQRCKYGEQSWE . QHP

Fig. 2. Secondary structure and solvent accessibility of the K. lactis DNA binding domain. The
numbering corresponds to the residue position within the K. lactis HSF gene. Line 1 shows the
solvent accessibility for individual residues (37). White circles indicate more than 40% solvent-
accessible surface; half-filled red circles indicate between 20 to 40% solvent accessibility; and
black circles indicate residues with less than 20% solvent accessibility. Line 2 shows the sequence
of the K. lactis HSF (kla) (4). The underlined residues at the COOH-terminus of the K. lactis
sequence were added during the cloning procedure. Residues are shaded according to secondary
structure (32): yellow, a helix; pink, 3,o helix; green, turn; blue, B sheet; and orange, bend.
Sequences below the K. lactis sequence are scv, S. cerevisiae HSF amino acids 171 to 259; hut,
human HSF1 amino acids 14 to 102; hu2, human HSF2 amino acids 6 to 94; dro, Drosophila
melanogaster amino acids 45 to 132; tom, tomato Lp-HSF24 amino acids 6 to 83; sfl, yeast
suppressor gene for flocculation SFL-1 amino acids 80 to 168; and skn, yeast suppressor gene for
cell wall B-glucan assembly SKN-7 amino acids 83 to 172 (5, 14). HSF sequences from mice,
chickens, and fission yeast were omitted for clarity (6). Dots indicate identity to the K. lactis
sequence; dashes indicate the absence of a residue. Single-letter amino acid abbreviations used
are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met;
N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.

Fig. 3. (A) Superimposi-
tion of a-helical bulges
(30). Residues 229 to 241
of HSF are shown in yel-
low; staphylococcal nu-
clease residues 122 to
130 are in blue (17); and
a perfect a helix is shown
in orange. Pro®® (side
chain shown) causes a
29° kink. The helical axis
for HSF residues 229 to
236 is shown in white.
The inserted glycine in the
staphylococcal nuclease
structure is between resi-
dues 126 and 127. (B)
Superimposition of the three a helices for the a + B helix-tum-helix proteins (30). We have omitted the
B sheets from the figure because these sheets are in different orientations with respect to the a-helical
bundles. CAP (red) and biotin repressor (magenta) have the best overlap for the a2 helix and have
interhelical angles between a2 and a3 of 114° and 106°, respectively. Histone H5 (green) and HNF-3/fork
head motif (blue) have displaced a2 helices and interhelical angles between a2 and a3 of 126° and
136°, respectively. The angle between a2 and a3 in HSF (yellow) is 98° when measured with the
NH,-terminal end of the a2 helix and 77° when measured with the COOH-terminal end of the a2 helix.
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DNA contacts, although it is likely that
HSF uses al as HNF-3/fork head motif does.
There is also the possibility that the extend-
ed loop is involved in binding to DNA.
The analogous loop in the HNF-3/fork head
motif cocrystal structure, part of the
“winged helix” motif, contacts the DNA
(23). Alternatively, the loop could be in-
volved in protein-protein interactions be-
tween monomers.
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inhA, a Gene Encoding a Target for Isoniazid and
Ethionamide in Mycobacterium tuberculosis

Asesh Banerjee, Eugenie Dubnau, Annaik Quemard,
V. Balasubramanian, Kyung Sun Um, Theresa Wilson,
Des Collins, Geoffrey de Lisle, William R. Jacobs Jr.*

Isoniazid (isonicotinic acid hydrazide, INH) is one of the most widely used antituberculosis
drugs, yet its precise target of action on Mycobacterium tuberculosis is unknown. A
missense mutation within the mycobacterial inhA gene was shown to confer resistance to
both INH and ethionamide (ETH) in M. smegmatis and in M. bovis. The wild-type inhA gene
also conferred INH and ETH resistance when transferred on a multicopy plasmid vector
to M. smegmatis and M. bovis BCG. The InhA protein shows significant sequence con-
servation with the Escherichia colienzyme EnvM, and cell-free assays indicate that it may
be involved in mycolic acid biosynthesis. These results suggest that InhA is likely a primary

target of action for INH and ETH.

Despite the availability of effective chemo-
therapies, tuberculosis is responsible for one
in four avoidable adult deaths in developing
countries (I). Infection with drug-sensitive
strains of M. tuberculosis can be effectively
cured with a combination of INH, rifampi-
cin, and pyrazinamide (2). However, the
particular susceptibility and increased mor-
tality of the disease among individuals in-
fected with human immunodeficiency virus
(HIV) pose a serious threat to tuberculosis
control programs (3). Moreover, the emer-
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gence of multidrug-resistant strains of M.
tuberculosis (MDR-TB) has resulted in fatal
outbreaks in many countries, including the
United States (4). Strains of MDR-TB,
some of which are resistant to as many as
seven drugs, are deadly to both HIV™ and
HIV* individuals (5).

INH was first reported to be an effective
antituberculosis drug in 1952, displaying
particular potency against M. tuberculosis
and M. bovis (6). Mutants resistant to INH
have emerged since then (7), and today
such mutants account for as many as 26% of
the clinical M. tuberculosis isolates in cer-
tain U.S. cities (5). Some INH-resistant
strains are associated with a loss of catalase
activity (8), and deletions of the catalase-
peroxidase gene (katG) correlate with INH
resistance in certain M. tuberculosis isolates
(9). Furthermore, transfer of the wild-type
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