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Production of Bacillus cereus and Bacillus anthracis toxins is controlled by a
number of transcriptional regulators. Here we report the crystal structure of
B. cereus HlylIR, a regulator of the gene encoding the pore-forming toxin
hemolysin II. We show that HIyIIR forms a tight dimer with a fold and
overall architecture similar to the TetR family of repressors. A remarkable
feature of the structure is a large internal cavity with a volume of 550 A®
suggesting that the activity of HIylIR is modulated by binding of a ligand,
which triggers the toxin production. Virtual ligand library screening shows
that this pocket can accommodate compounds with molecular masses of up
to 400-500 Da. Based on structural data and previous biochemical evidence,
we propose a model for HIylIIR interaction with the DNA.
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Introduction

Bacteria of the Bacillus cereus group, including B.
cereus, B. anthracis, B. weihenstephanensis and B.
thuringiensis are recognized as important human
and animal pathogens. Their pathogenic properties
are distinct, e.g. B. anthracis is a strong mammalian
pathogen and the etiologic agent of anthrax, B.
thuringiensis is pathogenic to insects while B. cereus
is an opportunistic human pathogen. Nevertheless,
genomic and rRNA analysis of members of this taxa
reveals only small sequence variations that would
normally be expected for different strains of a single
bacterial species.' The significant differences in the
pathogenic properties of bacteria of the B. cereus
group are due to the production of different sets of
toxins, some of which are encoded by plasmid-
borne genes.

Abbreviations used: HlyIl, hemolysin II; RNAP,
RNA-polymerase; SELEX, systematic evolution of ligands
by exponential enrichment; SeMet, selenomethionine.

E-mail addresses of the corresponding authors:
solonin@ibpm.pushchino.ru; fred@ysbl.york.ac.uk
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B. cereus is a Gram-positive, spore-forming rod-
like bacterium, commonly found in soil, water and
as a contaminant in food and pharmaceutical
products.>” This microorganism causes emetic and
enteric food-poisoning, periodontitis and systemic
infections occurring as a consequence of traumatic
injuries.* The pathogenic properties of B. cereus are
determined by the production of several extracel-
lular virulence factors. Synthesis of these protein
toxins is subject to genetic regulation. To date, the
following regulators involved in the control of
expression of virulence factors in B. cereus were
characterized: (1) PIcR, a global transcriptional
regulator controlling expression of tens of genes™’;
(2) Fur, a ferric uptake repressor responsible for iron
metabolism regulation and required for full
virulence;” and (3) HIylIR, a specific regulator of
the hemolysin II (hlyll) gene.® PIcR was initially
described as a positive regulator of the phospholi-
pase C gene, but later studies showed that it directly
controls more than 100 genes and operons.”® In
particular, production of most protein toxins of B.
cereus is positively regulated by PlcR. Another
global regulator, Fur, controls genes responsible
for iron uptake and storage by binding to its DNA
recognition site (Fur-box) in a metal-dependent
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manner.” Recent studies using an insect infection
model demonstrated that a fur null—mutant of B.
cereus is significantly attenuated.” A Fur-box was
found in the promoter regions of cytotoxin K and
hlyll genes. In the case of the hlyll gene, the Fur
binding site overlaps with the transcription start
point suggesting that Fur binding must repress hlyll
expression. It is interesting to note that unlike most
other cytotoxins of B. cereus, hlyll is not regulated by
PIcR; recent studies showed that transcrlptlon of the
hlyll gene is instead regulated by HIyTIR.®

Hlyll belongs to the family of oligomeric -barrel
channel-forming toxins. It shares significant se-
quence homology (31% identity) with the alpha-
toxin, a major pathogenicity factor of Staphylococcus
aureus, for which the three-dimensional structure is
available.” HlyTI can lyse various kinds of eukaryotic
cells although its cytolytic activity against mamma-
lian erythrocytes depends on the particular spec1es
It is still not clear why hlyll gene expression is so
tightly controlled, with at least one global regulator
(Fur) and also one specific regulator (HIylIR).

The hemolysin II regulator gene, hlylIR, is located
immediately downstream of hlyll and its product
regulates hlyll expression by specifically binding to a
44 bp perfect inverted DNA repeat (22 bpx2),
centred 48 bp upstream of the hlyll transcription
initiation point. HIyIIR negatively regulates expres-
sion from the hlyll promoter in heterologous system
in Escherichia coli cells.® It was also shown to inhibit
hlyIl transcription in vitro, using both E. coli and B.
cereus RNA-polymerase (RNAP), by interfering with
the process of isomerisation of the RNAP closed
promoter complex into the catalytically active open
promoter complex. In addition, HlyIIR is able to
interact w1th RNAP (both core and holoenzyme) in
solution.® Recent biochemical studies indicated that
HIyIIR exists as a dimer in solution and two such
dimers bind to hlyll operator DNA; circular dichro-
ism spectra suggested no significant conformational
changes in the operator DNA upon binding to
HIyIIR (Rodikova et al., unpublished results).

The polypeptide chain of HIylIR contains 201
amino acid residues and has a molecular mass of
23.5 kDa. Amino acid sequence analysis'" indicated
that HIylIR exhibits distant homology to the TetR
family of transcription regulators, with the N-
terminal amino acid segment 12-58 of HIylIR
aligning with the N-terminal helix-turn-helix
domain of TetR. The closest HlylIR homologues
are uncharacterised putative TetR family regulators
from Polaromonas sp. JS666 (31% sequence identity
for a 144 residue segment of YP_550862), Marine
alpha proteobacterium (27% sequence identity for a
201 residue segment of AAR21626) and Rhizobium
etli (31% sequence identity for a 159 residue segment
of YP_472143). In general, the N-terminal domain of
HIyIIR exhibits high sequence homology to mem-
bers of the TetR family while its C-terminal portion
appears to be divergent.

Although HIylIR has been characterised bio-
chemically, to date little is known about its exact
three-dimensional organisation except for limited

information that could be inferred from distant
homologues of known structure (~20% sequence
identity). It was also unclear how its repressor
activity is modulated. Here we address these issues
by reporting the crystal structure of B. cereus HlylIIR.
The structure reveals an unexpectedly large internal
cavity that could accommodate a ligand with the
molecular mass of up to 500 Da, suggesting a mech-
anism for triggering the expression of hemolysin II.

Results

Overall structure of HIylIR

The structure was determined by multi-wave-
length anomalous dispersion (MAD) with seleno-
methionine (SeMet) HlylIIR (Table 1; Figure 1), since a
molecular replacement approach with the closest

Table 1. Crystallographic statistics

A. Data collection

Space group P6,22
Unit cell dimensions
a,b(A) 1241
c (A) 79.5
Wavelength (A) 0.9792 0.9794 0.9184
(peak) (inflection)  (remote)
f.f (e) -8.09,6.39 -9.87,341 —4.1,35
Resolution (A) 25-2.4 25-2.7 25-2.9
(outer shell) (2.49-2.4) (2.8-2.7) (3.0-2.9)
Unique reflections 14,593 (1422) 10,250 (874) 8440 (800)
Redundancy® 11.5 (10.5) 6.6 (5.1) 6.9 (7.2)
Completeness (%) 99.9 (99.3) 98.5 (87.1)  99.8 (99.8)
<I/o(l)> 21.5 (3.8) 21.7 (3.4) 18.2 (3.9)
Rmergeb (%) 9.0 (58.8) 7.3 (429) 10.2(55.7)
B. Structure refinement
Resolution range A) 25-2.4
No. of reflections 13,895
in refinement
R-factor® (%) 22.3
No. of reflections 695
used for Reee
Free R-factor® (%) 27.6
No. of protein atoms 1476
No. of water molecules 114
Wilson B-factor (A ) 453
Average B-factor (A% 51.9
1.m.s. devzatzons
Bond lengths (A) 0.012 (0.02)
Bond angles (deg.) 1.17 (2.0)
Ramachandran statistics
Most favoured 91.3
regions (%)
Additionally allowed 8.7
regions (%)
Generously allowed 0

and disallowed
regions (%)

? The average number of observations of the same reflection.
® The value of the merging R factor between equivalent
measurements of the same reflection, Rj=Y, | [-<I> | /Y L
¢ Crystallographic R-factor, Rigree)=Y. || Fo | = | Fc || /2 | Fo | -
4 rm.s. deviation from the standard values is given with target
values in parentheses.
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Figure 1. The HIyIIR structure. (a) Electron density corresponding to one of the protein helices («1) calculated with
maximum likelihood weighted coefficients 2| F,| -1 F.| and contoured at 1.25¢. (b) and (c) Ribbon diagrams of HlyIIR.
Monomer (b) is rainbow-coloured with its N-terminal in red and C-terminal in blue. Dotted line indicates the disordered
segment, which was not modelled. The biological dimer (c) is generated by the crystallographic 2-fold axis. The large
internal cavity (yellow) is drawn along the van der Waals radii of cavity-forming residues. The cavity surface was
calculated by SURENET.*® This Figure and Figures 3 and 4 were prepared using CCPAMG.>*

structural homologue (E. coli Ycdc protein; PDB code
1PB6; 22% overall sequence identity) did not lead to
structure solution. In the final model refined at 2.4 A
resolution all residues are within the most favoured
and additionally allowed regions of the Ramachan-
dran plot, with all stereochemical values within or
better than the expected range.'* The model contains
179 amino acid residues (Ser4-Lys198) except for a
segment of 16 residues (Leul70-Glul85) for which
there was no clear electron density.

The asymmetric unit contains a single monomer of
HIyIIR, whilst the protein exists as a homodimer in
vitro and in vivo (Rodikova et al., unpublished
results). In the crystal structure, the biological
dimer is generated by the crystallographic 2-fold
axis. The dimer of HIylIIR has an (2 shape, typical for
the TetR family of repressors, with overall dimen-
sions of about 60 Ax60 Ax25 A.

HIylIR has an all a-fold, with each subunit
consisting of nine a-helices. The tertiary structure
is stabilised by hydrophobic contacts between
helices and by 11 salt bridges. A monomer of HlyIIR
can be subdivided into a small N-terminal DNA-
binding domain and a larger C-terminal dimerisa-
tion domain. (Figure 1(b) and (c)). These two
domains are associated with each other through a
shared hydrophobic core and two salt bridges
(Glu26-Argl114 and Lys17-Glu99).

N-terminal DNA-binding domain

The N-terminal domain of HlyIIR contains a three-
helical bundle with helices a2 and a3 forming a
typical helix-turn-helix DNA-binding motif found in
95% of prokaryotic transcriptional factors.'® Helix
al stabilises the location and orientation of the HTH
motif and also serves as an interface with the C-
terminal domain. Residues of the N-terminal
domain are conserved among the TetR family of
repressors (Figure 2), except for helix a3 which is
responsible for specific DNA sequence recognition.
The three helices interact through a hydrophobic
core, which is composed of highly conserved

residues. The N-terminal half of helix a4 could be
also considered part of the DNA-binding domain, as
it contributes to the hydrophobic core and its
primary sequence is conserved. The rest of helix o4
belongs to the C-terminal domain, which, in contrast
to the N-terminal domain, is not conserved among
the TetR family.

C-terminal regulatory and dimerisation domain

The C-terminal domain of HlylIR consists of six a-
helices, five of which form an antiparallel bundle. The
C-terminal domains of the two subunits of the dimer
form a molecular core with 1790 A? of the surface area
of each monomer buried in the contact area (17% of the
total molecular surface).'* (Figures 1(c) and 4(b),
below) Most intersubunit contacts are made by helices
a6 and a8 with several additional interactions formed
between the loop connecting helices 7 and a8 of one
subunit and helix a9 of the second subunit of the dimer.
Subunit-subunit interactions are largely hydrophobic.
In addition, there are ten direct intersubunit hydrogen
bonds and four hydrogen bonds mediated by water
molecules. A region between helices a8 and a9 forms
an “arm”, which enters a corresponding cavity on the
surface of the second subunit of the dimer. The arm
contains two consecutive a-helical turns. Part of the
arm was not modelled because of the absence of clear
electron density.

Ligand binding pocket

An important feature of the HIyIIR structure is a
large internal cavity in the C-terminal a-helical bundle.
This cavity is 18 A long and has an internal volume of
~550 A® (Figure 3). It is only partially filled by electron
density (Figure 3(b)), which appears to correspond to
solvent molecules or crystallisation buffer components,
since mass-spectrometry analysis did not reveal any
compounds bound to the protein (data not shown).
Most of the inner surface of the cavity is lined by 25
hydrophobic residues (Figure 3(a)) contributed by
helices ad—as8. It is likely that the entrance to the ligand



828 Crystal Structure of Hemolysin Il Regulator

ol o2 o3 o4
00000000....4u. 0000000000000 L000000000 Q00000000 000000000000
1 10 20 30 40 50 60
H1yIIR MGKSREQTMEN. .. .. .. ILK“AKKKFGERGYEGHSIQEIIYF_V NIV A MA|S Y Y[FIN[GK]E L)Y Y| FKKYGLAN. ...
1VIO . .MSLEKQKR HAVEVI‘ENGYHQ%QVSKIA QAGVADGTIIYLYFKNKEDILISLFKEKMGQF. ...
1T33 TTTKGEQAK) 'ALAQFGEYGLHAQ.TRDIA LAGQNIAAITYYFGSKEDLYLACAQWIADFLGEKF
1PB6 KRSRA[VSAK HALDTFSQPGFHGTRLEQIAELAG KTNLLYYFPSKEAL|Y I LRQILDIW. ...
EthR LPRGRRTAR ATE\ENLLEDRPLADISVDDLAKGAG RPTFYFYFPSKEAVLLTLLDRVVNQA. ...
QacR ... .. MNLEK IMKELFIKNGYNATTTGEIVKLSE KGNLYYHFKTKENLFLE[ILNIEESKWQ. . .
CprB RQLRAEQTR AFAADL FD| RGYESHTLSEIVAH G| KGALYFHFAAKEDLAHEILEIQSRTSR...
CGL2612 ... .MRTSK HIDYIGEYSLETLSYDSLAEATGLSKSGLIYH SRHALLLGMHELLADDW. ...
TetR ....ARLNR LELLNETGIDGLTTRKLAQKILG QPTILYWHVKNKRALLDALAVEILARH. . ..
— YRR YYYY
oS ob ol
0000000000000000000000000000 00000000000 2000Q
70 80 90 100 110 120 130
H1yIIR ...ELPNFLEK FNPINALREYLTVFT[THIKENPEIGTLR|YEEITIKES.. . ARLEKIKPYFIGSFEQLKETI[LQ. .
1VIO .. IERMEEDIKEKATAKEKLALVISKHF LLAGDHILAIVEQLELRQSN..LELRQKINEILKGYLNILDGIL@..
1T33 RPHAEKAERLFS|QPAPDRDAIRELILLACKNMIMLLITQEDT)| NLSKFISREQLSPTSAYQLVHEQVIDPLHTHﬂTRL
1PB6 ....LAPLKAFREDFAPLAAIKEYIRLKLEVSRDYPQASRLFICMEMLAGAP. .LLMDELTGDLKALIDEKSAL[IA. .
EthR . .DMALQTLAENPADTDRENMWRTGINVIFFETFGSHKAV| RAGQAARATSVEVAELWSTFMQKWIAYTAAV#D..
QacR - -EQWKKEQIKICKTNREKFYLYNELSLTITEYYYPLONAIIEFCTEYYKTN . SINEKMNKLENKYIDAYHVIFK. .
CprB . .RLAKDLDG YSSLEALMRLTFGMAR|LCVQGP LRAGIRLATAGUPVRPPLPHPFTEWREIATSRLLDA|RQ.
CGL2612 .DKELRDITRDPEDP. .LERLRAVVV[TLAENVSRPELLLLIDAPSHP.. .DFLNAWRTVNHQWIPDTDDLEN. .
TetR  ...... HDYSLP GESWQSFLRNNAMSF RALLR.YDGAKHLGTRPDEKQYDTVETQLRFMTENGFSLRDGL'YAI
AA  Ad AA A AA A AA AA A
o a9
. 000000000000000
140 150 160 170 180 190 200
H1yIIR ...EGEKQGVFHFFSINHT[IHWITSIVLFPKFKKFIDSLGTNETN. . DTNHEWMPEDLV|SRIISALITDKPNT .
1VIO ...EGIQSGEIKEGLDVRLARQMIFGTIDETVTTWVMNDQKYDLV. ... ... ELLVSGIHNKEG. .
1T33 VAARYTGCDANDTRMILHTHALLGEVLAFRLGKETILLRTGWPQFDEEKAELIYQTVTCHIDLILHGLTQRSLD .
1PB6 . .GWVKSGKLAPIDPQHLIFMIWASTQHYADFAPQVEAVTGATLRDEVFFNQTVENVQRIIIEGIRPR. .. .
EthR . .AERDRGAAPRTLPAHELATALNLMNERTLFASFAGEQPSVPE. ... .. ARVLDTLVHIWVTS[I[YGENR. .
QacR . .EGNLNGEWCIN.DVN SKIAANAVNGIVTFTHEQNINERIK........ LMNKFISQIFLNGLISK. . ...
CprB ....SDVHQDIDVDSVAHTLVCSVVGTRVVGGTLEPAGREPRRLAEMWYILIRGMVPVTRRARYVT ARLEQE
CGL2612 .. .DAHKRAVYLVQLAADGLFVHDYIHDD......... VLSKSKR...... QAMLETILELIPSQT.......
TetR SAVSHFTLGAVLEQQEHTAALTDRPAAPDENLPPLLREALQIMDSDDGEQAFLHGLESLIRGFEVQLTALLQIV

AdA A4k

Figure 2. Multiple sequence alignment of HIyIIR with several TetR family members for which the three-dimensional
structures are available. Conserved residues are marked by boxes. The helix-turn-helix motif is underlined by a bar and
triangles highlight residues forming the ligand-binding pocket. HlyIIR secondary structure elements are indicated above
the sequence. Putative transcriptional repressors are named by their PDB code. The sequences were aligned using

CLUSTAL W™ and the Figure was prepared using ESPript.*®

binding pocket is formed by helices a4 and a5 and
closed by side-chains of Tyr62 and His93 and main-
chain atoms of helix a4.

The presence of this large cavity and analogy
with the structural homologues suggest that
DNA-binding properties of HlyIlIR are modulated
by interactions with a small-molecule ligand.
Structural information for apo and ligand-bound
forms is available for two members of the TetR
family of repressors: QacR'® and TetR.? In both

cases, in the ligand-bound form, the DNA-
binding domains are oriented differently to their
position in the apo structure, explaining the lower
affinity of the ligand-bound form towards the
operator DNA. It is likely that the orientation of
the DNA-binding domains of HIylIR is also
controlled by binding of a ligand.

In the structure of HIylIIR, helix a4 is followed by a
residue segment Gly63-Phe71, which appears to be
flexible as electron density is present only for its

Figure 3. Ligand-binding pocket. (a) Stereo view with the cavity contoured as in Figure 1(c) and cavity-lining residues
shown by sticks. The compound that gave a highest score during the AutoDock screening (NCI 23904) is shown with its
carbon atoms in brown, oxygen atoms in pink and nitrogen atoms in light blue. (b) Difference electron density maps
(green) corresponding to the pocket area and contoured at 3.
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main-chain atoms. Secondary structure prediction'”
and the presence of an equivalent long a-helix in the
structures of other transcriptional repressors of the
TetR family'” indicate that this segment is likely to
form an extension of helix a4. It is thus possible that
this segment is flexible in the absence of ligand and
transforms into an o-helical conformation upon
ligand binding. This structural rearrangement
could be accompanied by movement of the DNA-
binding domain. We probed the potential ability of
the DNA-binding domain to change its position by
Normal Mode Analysis calculations performed by
ElNemo.” This analysis showed low energy modes
corresponding to considerable rotation of the DNA-
binding domain with positional shifts of up to 7 Ain
helix a3 observed with default EINemo parameters
(Supplementary Data, movie 1).

Virtual ligand library screening

Since a remarkably large hydrophobic cavity was
observed in the structure of HIylIR, virtual ligand
screening was performed to understand the nature
of small molecules that could bind to HlylIR. The
NCI Diversity Set ligand library, screened by
AutoDock'® using the Lamarckian genetic algo-
rithm, resulted in predicted binding free energies
for different compounds ranging from —16.7 to
+25 kcal/mol. As a positive control, dockings of
native QacR substrates (Etidium, Malachite Green,
Rhodamine Q) to the QacR structure resulted in
predicted binding free energies ranging from —12.9
to —9.7 kcal/mol. The top five compounds selected
from the NCI Diversity Set, which had the lowest
predicted binding free energies (from —16.7 to
—14.6 kcal/mol), were steroid derivatives containing
additional methyl and hydroxyl groups connected to
the steroid core and an additional aromatic ring
connected to the core by a long linker chain. The
selected compounds differ in composition of the
linker chain and the chemistry of the aromatic ring.
The compound with the lowest predicted binding

free energy (NCI 23904) is shown on Figure 3(a). It
fills most of the HIyIIR ligand-binding pocket with-
out any clashes with the protein atoms. We conclude
that the HIyIIR pocket is able to accommodate a
relatively large ligand, with a molecular mass of up
to 400-500 Da.

Discussion

B. cereus can produce several extracellular enzy-
matic and pore-forming protein toxins. Synthesis of
many of them is induced by the global regulator
PIcR®> when bacilli enter a stationary phase. In
contrast, expression of the gene for pore-forming
cytotoxin hemolysin II starts in the middle of
logarithmic phase and is under more complex
genetic control involving at least two protein factors:
the global regulator Fur and the specific regulator
HiylIIR.

A search for HIylIR structural homologues by
DALI' resulted in a number of hits to members of
the TetR family of repressors which are key players
in virulence, multi-drug resistance, pathogenicity
processes and are responsible for rapid adaptation
of the bacteria to changing environmental con-
ditions.”® The top five structural homologues of
HIyIIR, shown in Table 2, are non-characterized
putative transcriptional regulators from Bacillus
subtilis, Salmonella typhimurium, E. coli, B. cereus
and Rhodococcus sp. whose structures were deter-
mined by structural genomics consortiums. In
addition, the DALI search revealed strong structural
similarity with several biochemically characterised
members of the TetR family: QacR,'® CGL2612'° and
TetR* are transcriptional repressors controlling
expression of drug efflux pumps, which render
cells resistant to different antimicrobial compounds.
EthR*' is a repressor for the gene encoding mono-
oxygenase and CprB** belongs to the y-butyrolac-
tone-type autoregulator/receptor system involved
in cell-cell signalling.

Table 2. Structural homologs of HIyIIR according to DALI'”

PDB code Z-score C*rm.s.d. Identity (%) Aligned residues Protein length

Protein Details
Yer0, Bacillus subtilis Non-characterized, 1vi0
structural genomics

Putative TetR family Non-characterized, 1t33
repressor, Salmonella structural genomics
typhimurium

Putative TetR family Non-characterized, 2fq4
repressor, Bacillus cereus structural genomics

YcdC, Escherichia coli Non-characterized, 1pb6

structural genomics

Putative TetR family Non-characterized, 2g3b
repressor, Rhodococcus sp.  structural genomics

QacR, Staphylococcus aureus ~ Multi-drug resistance ity

CprB (ArpA-like), Cell-cell signalling 1uib
Streptonyces coelicolor

EthR, Mycobacterium Ethionamide resistance 1t56
tuberculosis

CGL2612, Corynebacterium  Drug resistance-related ~ 1v7b
glutamicum

TetR, Escherichia coli Tetracycline resistance 2tct

14 3.1 22 164 184
13.6 3 19 167 220
13.2 4.7 21 164 183
13.1 3.5 22 170 198
12.6 41 16 158 185
12.5 4.6 21 165 186
12.3 29 21 160 195
12.3 3.1 11 160 193
9.8 4 12 152 175
8.4 4 12 147 198
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Despite a very low overall sequence similarity of
HIyIIR with its structural homologues (11% to 21%
identity) the overall fold, including the number of
helices, their length and relative spatial arrange-
ment, is the same in all members of the TetR family.
Assignment to this protein family is usually based
on the N-terminal DNA-binding domain sequence
conservation (PROSITE 51gnature PS01081, Pfam
profile PF00440; Figure 2)."® The structural and
sequence variations in this domain appear to be
constrained by its DNA-binding function. In accor-
dance, the N-terminal 50 amino acid segment of
HIylIIR displays ~35% sequence identity and has a
C* atom r.m.s. deviation of 0.8 A-1.5"A with the
other members of the TetR family listed in Table 2
(Figure 4(a), left).

The C-terminal domain displays no primary
sequence conservation due to its adaptation to
binding different ligand molecules and as a result

(a)
a4

N Pg(\\@\-
“*’&Cﬁ, a2

(b)

00

HiylIR

EthR

the rm.s. deviation calculated over the C* atoms of
structurally similar areas is in the range of 2.9 A-
47 A (Figure 4(a), right). Despite the fact that in all
regulators of the TetR family the ligand-binding
pocket is located deep inside the C-terminal o-
helical bundle, the entrance to the binding pocket is
formed by different helices. For example, while the
entrance into the ligand-binding site in QacR is
located between helices 7 and a8 and the loop
connecting o8’ and a9’ from the adjacent subunit of
the dimer, in the structure of CGL2612 the deep
cavity is enclosed between helices a4 and ab.
The entrance to the ligand-binding pocket of EthR
also differs: it opens at the top of the molecule be-
tween helices a4, o5 and «7.'"®'"?! Similarly to
CGL2612, the entrance to the ligand-binding pocket
of HIyIIR appears to be formed by helices a4 and a5.

The homodimerisation interface in members of the
TetR family is usually formed by helices a6, a8 and

QacR

Figure 4. Structural comparison of HlyIIR with other members of the TetR family. (a) Superimposed N-terminal (left)
and C-terminal (right) domains of HIyIIR (red) with QacR (PDB code 1JT0, blue) and EthR (1T56, green). (b) Architecture
of the dimerisation interface in HlyIIR (left), EthR (middle) and QacR (right). Top and bottom: two views related by a 90°
rotation around the vertical axis. Helices from two subunits of the dimer are shown in blue and red. (c¢) Schematic
representation of the HIyIIR complex with the 22 bp B-form DNA. The DNA molecule is shown as a van der Waals model

and the HIylIR dimer is shown as ribbons.
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a9. Depending on the particular protein, the spatial
arrangement of these helices (Figure 4(b)) and
structural details of subunit-subunit interactions
differ, in spite of the conserved fold. For instance, in
the structures of HlyIIR homologues helix a9 makes
multiple strong contacts with helix a9’ of the second
subunit of the dimer, while in the HlylIR structure
helix a9 is shifted and forms only a few inter-subunit
contacts; these are made with the loop connecting
helices a7” and a8’ of the second subunit.

The structural similarity of HlyIIR with members
of the TetR family suggests a similar mode of inter-
action with DNA. On the basis of a 3D structural
alignment of HlyIIR with QacR-DNA and TetR-
DNA complexes?>?* and in accordance with the
Suzuki rules* we propose a model for the complex
of HIylIIR with B-form DNA, where specific recogni-
tion of nucleotide sequences is achieved by fitting
helices 3 and a3’ from the two HTH motifs of the
dimer into the major groove of the DNA (Figure 4(c)).
The analysis suggests that amino acids Val4l,
Ala42, Ser45 and Tyr46 from helix o3 form specific
contacts with nucleotides in DNA major groove,
while Asn40 and Lys51, located at opposite ends of
helix «3, are likely to interact with the DNA
backbone phosphate groups. The distance between
the two DNA-recognition helices of the HIyIIR
dimer is about 35 A, meaning that the two helices
fitting into the major groove are separated by one
full turn of the DNA. In such a complex the protein
dimer covers about 20 bp of the DNA. As HIlyIIR
specifically protected ~50 bp of the hlyll operator
DNA from DNase I digestion,® at least two dimers
of HIylIR should bind to one hlyll operator region.
This hypothesis is in agreement with biochemical
data obtained by fluorescence anisotropy (Rodikova
et al., unpublished results). HlylIR homologues
change the DNA structure during binding, for
instance TetR bends DNA, while QacR transforms
B-form DNA into an under-twisted configu-
ration.”** However, CD spectra indicate no con-
siderable structural changes in DNA upon binding
to HlylIR (Rodikova et al., unpublished results). The
full understanding of structural events that occur
during binding of DNA to HIylIR must await struc-
ture determination of the HIyIIR/DNA complex.

Available genome sequences suggest that hlyll
and hlylIR genes are present in all bacteria of the B.
cereus group except for B. cereus ATCC 10987.
Interestingly, the hemolysin II gene is disrupted by
a frame-shift mutation in all available B. anthracis
genomes, though the hlylIR gene has only two
nucleotide substitutions resulting in single amino
acid change of Gly2 to Glu2. This residue is located
within a disordered part of the HIyIIR structure and
is not significant for the DNA or ligand binding. In
contrast, comparison of the HlylIR from B. cereus
strain B771, used for this work, with HlyIIR from the
standard strain ATCC 14579 reveals 11 amino acid
substitutions. All except for one of these substitu-
tions appear to be insignificant, since the mutated
amino acid residues are located on the protein
surface and are unlikely to influence protein func-

tion. The only observed substitution that might
affect HlylIR function is Ser125 to Asnl25. This
residue contributes to the formation of the ligand-
binding pocket, therefore its mutation could alter
ligand-binding specificity.

Our data strongly suggest that the repressor
activity of HlylIIR is modulated by a small-molecule
ligand. It is difficult to predict precisely the
composition of this ligand from the structure of the
protein cavity alone, since the geometry and
dimensions of the ligand-binding pocket may
undergo significant changes during ligand binding,
as previously shown for QacR.'® Nevertheless, the
virtual screening approach allowed an estimation of
the approximate size and prediction of the overall
geometry of the HIyIIR ligand (Figure 3(a)). The
largely hydrophobic character of residues lining the
ligand-binding pocket with very few hydrogen
bond donors/acceptors and no charged residues,
suggests that the natural ligand has a hydrophobic
character. The top five compounds selected from the
NCI Diversity Set are all steroid derivatives, which
are unlikely related to natural processes in the
bacterial cell. HlyIIR is a regulator for the pore-
forming toxin, which forms a transmembrane
channel and therefore damages mammalian cells.
It is interesting that the top selected compounds
from virtual screening are structurally very close to
cholesterol, a major component of animal cell mem-
branes. Docking of a cholesterol molecule gives a
predicted binding free energy of —12.8 kcal/mol,
comparing favourably with docking experiments
performed for QacR and its natural ligands. It is thus
possible that a real HlylIR ligand is a cholesterol
derivative or a product of cholesterol processing/
degradation by bacterial enzymes.

Preliminary data obtained by the genomic sys-
tematic evolution of ligands by exponential enrich-
ment (SELEX) method show that in vitro HIyIIR
binds promoter regions of at least four genes in
addition to the hlyll gene (Rodikova et al., unpub-
lished results), hence it appears to be a pleiotropic
regulator involved in the regulation of different
cellular processes. This observation is in agreement
with the conservation of the hlylIR gene in B.
anthracis, where the hemolysin II gene is disrupted
and thus HIlylIR may play other regulatory roles.
Functional analysis of genes controlled by HIlyIIR
will help to identify its natural ligand(s). These and
further biochemical studies are needed to under-
stand the molecular logic of regulation by HIyIIR.

Materials and Methods

Expression and purification of HlylIR

The previously reported plasmid pHR® carrying the
HIyIIR gene fused with the N-terminal 6-histidine tag
was transformed into E. coli strain M15 (Qiagene). Cells
were grown at 37 °C in LB medium supplemented with
100 pg/ml ampicillin. After reaching Agy=0.6, cells
were induced by addition of 1 mM isopropyl-p-D-
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thiogalactopyranoside (IPTG) followed by incubation for
an additional 4 h. All subsequent steps were carried out at
4 °C. Cells were harvested by centrifugation, resuspended
in buffer A (20 mM sodium-phosphate buffer (pH?7.5), 1 M
NaCl, 20 mM imidazole) with protease inhibitor AEBSF (to
a final concentration of 1 mM) and lysozyme (to a final
concentration of 0.1 mg/ml), followed by sonication. The
lysate was clarified by ultracentrifugation and the super-
natant was loaded into a HisTrap HP column (Amersham
Biosciences) charged with Ni** and equilibrated with
buffer A. Protein was eluted using a linear gradient
(20 mM-300 mM) of imidazole in the same buffer.
HlylIR-containing fractions were pooled, concentrated
using a Centricon 10K concentrator (Millipore) and sub-
jected to gel-filtration chromatography using a Superdex
75 column (Amersham Biosciences) equilibrated in buffer
containing 20 mM sodium-phosphate (pH 7.5), 1 M NaCl,
5 mM EDTA. Fractions containing homogenous HIyIIR (as
judged by SDS-PAGE) were pooled, concentrated to
20 mg/ml using a Centricon 10K concentrator, aliquoted,
flash-frozen in liquid nitrogen and stored at —80 °C.

Expression of HlylIR selenomethionine derivative

For preparation of selenomethionine (SeMet) HIyIIR,
the methionine auxotroph E. coli strain B834 (DE3)-pLysS
(Novagen) was transformed with plasmid pHR.® We used
1 ml of an overnight culture to inoculate 50 ml of LB
medium supplemented with 100 pg/ml of ampicillin and
grown at 37 °C to Agoo=1.0. The cells were harvested by
centrifugation, washed three times and used to inoculate 1
1 of the SeMet growth medium, which comprises 2 x M9
medium, 0.4% (w/v) glucose, 2 mM MgSQOy, 25 pg/ml
FeSO,4.7H,0 and 40 mg/1 of all the amino acids except for
Met, which was replaced by SeMet. The growth medium
was supplemented with vitamins (riboflavin, niacina-
mide, pyridoxine monohydrochloride and thiamine, each
at 1 mg/ml) and 100 pg/ml of ampicillin. Expression of
SeMet-HIylIR was induced at an Agyp of 0.7 by the
addition of 1 mM IPTG. After 6 h of further growth the
cells were harvested and SeMet-substituted HIyIIR was
purified by the same protocol described for the native
protein. MALDI-TOF mass spectrometry of native and
SeMet-derivatized HIyIIR indicated complete incorpora-
tion of SeMet.

Crystallisation and data collection

Crystals of native HIyIIR protein were obtained by the
hanging drop vapour diffusion method by mixing equal
amounts of protein sample with a reservoir solution
containing 100 mM sodium cacodylate buffer (pH 6.0),
ammonium sulphate at 60% saturation and 3%(v/v)
isopropanol. Crystals grew over five to ten days at 20 °C
to a size of 0.1 mmx0.1 mmx0.4 mm. Under similar
conditions, the selenomethionine derivative of HIyIIR
formed an amorphous precipitate. SeMet-HIyIIR crystals
were obtained with ammonium sulphate (50% saturation)
and 100 mM sodium acetate (pH 5.0) in the reservoir and
with addition of 3 mM TCEP in the protein solution.
Crystals grew for 20 days at 20 °C to a size of
0.1 mmx0.1 mmx1 mm. Prior to data collection, crystals
were transferred to a cryoprotecting solution containing
all reservoir solution components supplemented with 20%
(v/v) glycerol and flash frozen in liquid nitrogen. Crystals
of native HIylIR and its SeMet derivative had similar cell
dimensions and contained one monomer of HIylIR per
asymmetric unit resulting in a solvent content of ~67%.

X-ray data at three different wavelengths from a single
crystal of SeMet-HIyIIR were collected at the BM14
beamline, ESRF, Grenoble. An X-ray fluorescence spec-
trum was recorded and used to choose the optimal
wavelengths for MAD data collection at three wave-
lengths: 0.9794 A (f minimum), 0.9792 A (f" maximum)
and 0.9184 A (remote high-energy wavelength). Each data
set was processed using DENZO and SCALEPACK.*

Structure solution and refinement

Initial phases were obtained by SOLVE* followed by
density modification and automated model building by
RESOLVE.” This led to an initial model containing 74% of
amino acid residues, 46% of which contained side chains
(Rwork=37.4%, Rfree=41.0%). The model was gradually
completed through several cycles of model building by
Coot?” and QUANTA (Quanta2005, Accelrys Software
Inc.) followed by refinement with REFMACS5.*" Solvent
atoms were initially built using the program ARP/
wARP??? and later added or removed by manual in-
spection. The final refinement cycles utilised translation-
libration-screw-motion (TLS) parameters and resulted in
Ryork and Rgree values of 22.3% and 27.6%, respectively,
calculated for 13,895 reflections observed in a 2.4 A-25 A
resolution range (Table 1). The side-chains of four lysine
residues were poorly defined in the electron density
maps and their occupancy was set to 0.01. Residues
170-185 were not modelled because of the lack of clear
electron density. The model was analysed for stereo-
chemical quality using PROCHECK.'? Statistics of
structure determination and refinement are shown in
Table 1.

Virtual ligand library screening using AutoDock

The AutoDock 3.0 software package'® was used for
virtual screening of NCI Diversity Set compounds. The
docking area was assigned visually to cover the internal
HIyIIR cavity. A grid of 40 Ax40 Ax40 A with 0.375 A
spacing was calculated around the docking area for all
atom types presented in the NCI Diversity Set using
AutoGrid. An AutoDock-ready version of the NCI
Diversity Set available on the official AutoDock web site
was used. For each ligand 20 separate docking calcula-
tions were performed. Each docking calculation was
limited to 750,000 energy evaluations using the Lamarck-
ian genetic algorithm local search and was performed with
a population size of 150, a mutation rate of 0.02 and a
crossover rate of 0.8. The results were ranked on the basis
of predicted free energy of binding.

Protein Data Bank accession code

Coordinates and structure factors for the structure of
HIyIIR protein have been deposited at the RCSB Protein
Data Bank (PDB) with accession code 2FX0.
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