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Crystallization of the effector-binding domains of
BenM and CatM, LysR-type transcriptional
regulators from Acinetobacter sp. ADP1

BenM, a member of the LysR-type family of transcriptional
regulators, controls genes for benzoate degradation in the Gram-
negative bacterium Acinetobacter sp. strain ADP1. Recent studies
show that BenM activates benABCDE expression synergistically in
response to two effector ligands: cis,cis-muconate (CCM) and
benzoate. As an initial step in investigating the structural basis of
dual effector response, the effector-binding domain of BenM (BenM-
EBD) was crystallized by the microbatch-under-oil technique with
conditions optimized from high-throughput screens performed by the
Hauptman-Woodward Institute. Data-collection quality crystals of
BenM-EBD belonged to space group P2,2,2,, diffracted to 2.3 A and
had unit-cell parameters a = 65.64, b = 66.34, ¢ = 117.46 A. The
influence of effector ligands on crystal formation was also evaluated.
The presence of benzoate or CCM impaired the formation of crystals.
The presence of both effectors together resulted in a dramatic
decrease in the production of crystals. The effector-binding domain of
CatM, a homolog of BenM, was also crystallized.
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1. Introduction

BenM controls the expression of multiple
genes involved in aromatic compound degra-
dation by the soil bacterium Acinetobacter sp.
strain ADP1 (Brzostowicz et al., 2003; Clark et
al., 2002; Collier et al., 1998). BenM belongs to
a large and diverse family of homologous
prokaryotic regulators, the LysR-type tran-
scriptional regulators (LTTRs; Henikoff et al.,
1988; Schell, 1993). As a representative
member of this family, BenM is a good candi-
date for atomic level structural studies. Of
particular interest is the ability of BenM to
activate transcription synergistically with two
different compounds. This novel feature was
discovered during investigations of BenM-
regulated benA gene expression (Bundy et al.,
2002). Benzoate and one of its catabolites,
cis,ciss-muconate (CCM), enable BenM to
activate transcription in vivo and in vitro.
While CCM is more effective than benzoate as
a sole effector, both compounds together
activate gene expression in a synergistic
fashion (Bundy et al., 2002; Collier et al., 1998).
Many transcriptional regulators respond to
more than one effector. However, the
combined effect of multiple compounds has
not been investigated in other regulatory
systems.

To understand the interactions of BenM
with benzoate and CCM, our current studies
focus on the effector-binding domain (EBD) of
the regulator. This truncated protein, BenM-
EBD, lacks the 80 amino-terminal residues of

the native protein and can be purified via a
carboxy-terminal hexahistidine tag. Fluores-
cence emission spectroscopy demonstrated
that BenM-EBD has an affinity for effectors
comparable to that of the full-length protein
(Clark et al., 2003). In studies of full-length
BenM, the purification tag was found to have
no effect on protein function in vivo or in vitro
(Bundy et al., 2002).

In previous studies of two LTTRs, CysB and
OxyR, structures were obtained for protein
fragments that lack the DNA-binding domains.
The regulatory domain (residues 88-324) of
CysB, which controls cysteine biosynthesis,
was characterized from Klebsiella aerogenes
(Tyrrell et al., 1994, 1997). The tertiary struc-
ture of this domain is similar to a family of
periplasmic binding proteins that have a
Rossmann-fold topology (Quiocho, 1991).
These proteins have two domains linked by a
hinge that allows movement of the domains
upon cofactor binding. Recently, the crystal-
lization but not the structure of full-length
CysB was reported (Verschueren et al., 2001).
The second atomic structure of an LTTR which
has been described is a truncated fragment of
OxyR from Escherichia coli (Choi et al., 2001).
OxyR regulates intracellular redox potentials
by an intriguing structural rearrangement
using disulfide-bond formation as the sensing
switch. It shares substantial structural simi-
larity with CysB, with a root-mean-square
deviation of 1.84 A for 167 C* atoms.

BenM-EBD shares only 20 and 11%
sequence identity with the comparable regions
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of OxyR and CysB, respectively. However,
recent studies of CbnR, the first full-length
LTTR structure to be characterized, suggest
that a common effector-binding fold may be
used throughout the family (Muraoka,
Okumura, Ogawa et al., 2003; Muraoka,
Okumura, Uragami et al, 2003). CbnR,
which is 46% similar in sequence to BenM, is
a plasmid-encoded regulator of chloro-
benzoate degradation in Ralstonia eutropha
(Ogawa et al., 1999; Ogawa & Miyashita,
1999). It will be of interest to compare the
effector-binding properties of CbnR to
those of BenM, a protein which regulates
benzoate degradation in a bacterium unable
to degrade chlorobenzoate. Understanding
the effects of halogenated substituents on
the regulation of catabolic pathways is
relevant to the development of successful
bioremediation strategies. Structural studies
of BenM will also provide a basis of
comparison for the function of CatM, a
second LTTR involved in benzoate degra-
dation by Acinetobacter sp. strain ADP1
(Neidle et al., 1989; Romero-Arroyo et al.,
1995). CatM and BenM are 59% identical in
sequence (54% in the EBD), recognize
similar DNA sequences, both respond to
CCM as an effector and have overlapping
functions. However, CatM does not respond
to benzoate and does not respond synergis-
tically to multiple compounds. As a first
step in understanding LTTR-effector inter-
actions, including synergistic transcriptional
activation, the BenM-EBD protein was
crystallized in the presence and absence
of its effectors. In addition, a similarly
truncated version of CatM, designated
CatM-EBD, was purified and crystallized.

2. Methods

2.1. Purification of BenM-EBD and
CatM-EBD

The purification of BenM-EBD will be
described elsewhere (Clark et al., 2003).
BenM-EBD (232 amino acids, molecular
weight 26 353 Da) has the added C-terminal
sequence LEHHHHHH, allowing it to be
purified from Escherichia coli in one step by
metal-chelate chromatography. Fractions
containing purified BenM-EBD were pooled
and twice dialyzed for 4h at 277K in 11
20 mM Tris-HCI pH 7.9, 500 mM NaCl and
10% glycerol using 10 kDa molecular-weight
cutoff snakeskin dialysis tubing (Pierce
Biotechnology Inc.). Protein for crystal-
lization trials was concentrated to
>6mgml~' using an Ultrafree S-10
concentrator (Millipore) and stored at 277 K
until use. Benzoate (Sigma-Aldrich) and

CCM (Acros Organics) solutions were
prepared in 0.1 M NaOH, titrated to pH 7
and added at appropriate concentrations.
CatM-EBD was purified from E. coli in a
similar manner as for BenM-EBD, but
dialyzed in 250 mM imidazole, 20 mM Tris—
HCI pH 7.9, 500 mM NaCl, 1 mM DTT and
10% glycerol. CatM-EBD (231 amino acids,
molecular weight 25 994 Da) has the same
C-terminal addition as BenM-EBD.

2.2. Crystallization of BenM-EBD,
CatM-EBD and effector complexes

Initial high-throughput crystallization
screens (HTS) were performed at the
Hauptman—-Woodward Institute as micro-
batch-under-oil experiments at 298 K using a
sitting-drop method (Luft er al., 2001).
Samples were purified within two weeks of
the HTS run and shipped on ice. A total of
1536 conditions per sample were screened
by combining 0.2 pl BenM-EBD (6 mg m1™
in 20 mM Tris—-HCI pH 7.9, 0.5 M NacCl,
10% glycerol) or CatM-EBD (6 mg ml™" in
250 mM imidazole, 20 mM Tris-HCI pH 7.9,
0.5 M NaCl, 1 mM DTT and 10% glycerol)
with 0.2 pl precipitating solution per well.
Crystallizations were monitored by photo-
graphy at 1, 4, 7 and 14d. BenM-EBD
samples were also evaluated with the effec-
tors benzoate (3 mM initial), CCM (2.5 mM)
and a mix of CCM and benzoate (3 and
2.5mM, respectively). Subsets of these
conditions were repeated in-house using 3-
6l total drops, varying the
temperature, precipitant-to-protein ratios
and effector-to-protein ratios. Crystal-
lization trials in-house were prepared using
freshly purified protein or the same protein
(stored on ice) as a corresponding HTS run.
The protein samples were centrifuged briefly
(~5 min) at 16 000g prior to setup.

volume

2.3. X-ray analysis and data collection

Prior to data collection, BenM-EBD,
CatM-EBD and  BenM-EBD-effector
complex crystals were briefly transferred to
a cryoprotectant solution containing 30—
35%(v/v) glycerol and precipitant and
protein-buffer components of 10% higher
concentration than the original crystal-
lization growth condition. For the form I
crystal of BenM-EBD and CatM-EBD, the
cryoprotectant was 35%(v/v) glycerol,
50 mM ammonium sulfate, 25 mM sodium
acetate trihydrate pH 4.6, 6.25%(w/v) PEG
4000, 9 mM Tris-HCl and 225 mM NaCl.
Crystals were mounted in a cryoloop and
flash-frozen in a 100 K nitrogen stream
generated by an Oxford Cryojet. Native
BenM-EBD and CatM-EBD data were

collected in-house on a Bruker Nonius
CCD detector mounted on an FR591
rotating-anode generator equipped with a
graphite monochromator and Miracol optics
operated at 45kV and 100 mA (Cu Ko
radiation). Data-collection schemes for
BenM-EBD or CatM-EBD were defined to
collect complete data sets (99%) to 2.4 or
30A (CatM-EBD) with high redundancy.
Each frame was exposed for 300 s with a 0.3°
(0.7° for CatM-EBD) oscillation at a crystal-
to-detector distance of 90 mm (56 mm for
CatM) and processed with the DENZO-
SMN package (Otwinowski & Minor, 1997).
Data sets from the BenM-EBD-effector
complex crystals, previously frozen in liquid
Freon and shipped in a dry shipper, were
collected at the SBC-CAT beamline using
a wavelength of 0.97937 A and were
processed using HKL2000 (Otwinowski &
Minor, 1997).

3. Results

BenM-EBD, like the other LTTRs that have
been crystallized, is minimally soluble
without NaCl and glycerol. CatM-EBD did
not tolerate a reduction in the concentration
of imidazole used to purify the protein.
Because of the high solute concentrations
used to maintain protein solubility, the
microbatch-under-oil technique was most
useful. HTS performed with and without
effectors identified many successful crystal-
lization conditions when visually evaluated
after two weeks (>90% of the crystals
appeared in one week). For BenM-EBD
lacking effectors, 126 conditions of the 1536
trials yielded visible crystals. The addition of
CCM decreased the number of conditions
with crystals to 96. The presence of benzoate
further lowered the success rate to 72 posi-
tive conditions. Significantly, only 28 condi-
tions were identified with both benzoate and
CCM present simultaneously. 49 conditions
were unique to the BenM-EBD lacking
effectors, 14 were unique to CCM, 18 were
unique to benzoate and three were unique
for benzoate and CCM. The most common
crystal morphology was needles, with about
1/3 of the conditions having a thick rod-like
morphology. In general, crystals that formed
in the presence or absence of effectors had a
similar appearance and the crystallization
conditions contained common components
such as acetate or citrate buffers in poly-
ethylene glycols. Many of the crystals
prepared from complexes may prove not to
have ordered effectors, since the majority of
crystals that formed in the presence of
effectors have the same unit-cell parameters
as the form I BenM-EBD crystals prepared
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in the absence of effectors (Table 1).
Considering the low binding constants of the
effectors for BenM in the absence of DNA

Table 1

(CCM, K,; = 120 uM; benzoate, K,; =
1100 pM; Clark et al., 2003), the high salt
concentrations in the crystallization buffers

Crystallization conditions and properties of BenM-EBD, CatM-EBD and effector-complex crystals.

Equal volumes (2 pl and 2 pl) of protein in protein buffer (20 mM Tris—-HCI pH 7.9, 0.5 M NaCl, 10% glycerol) and
precipitant were mixed together. Only the composition of the precipitant is shown. For the form I crystals, a 4:1 ratio of
protein to precipitant was used. With the exception of the form I crystals, crystals were prepared only once using
conditions from the HTS screens without optimization.

Likely
Complex Crystallization precipitant space Diffraction X-ray
(solution No.) solution group  Unit-cell parameters (A, °) limit (A) source
BenM-EBD 0.2 M (NH,4),SO,, P2,242, a = 6564, b= 6634, 2.3 Home, Cu K«
(form I) 0.1 M sodium acetate pH 4.6, c=11745
25% PEG 4K
CatM-EBD 0.2 M (NH,4),SO,, 1222 a=6619,b=7527, 2.9 Home, Cu Ko
0.1 M sodium acetate pH 4.6, c=102.52
25% PEG 4K
BenM-EBD 0.1 M sodium acetate pH 4.6, P2,2\2) a=6421,b=67.03, 23 SBCt
+ CCM (37) 25% PEG 4K, ¢ =116.20
3mM CCM
BenM-EBD 0.1 M NaBr, C222, a=9881,b=9993, 3 SBCt
+ CCM (347) 0.1 M CAPS pH 10, ¢ =187.08
20% PEG 20K, 3 mM CCM
BenM-EBD 0.1 M MnSO,, P2,2,2; a=64.49, b = 67.38, 2.0 SBCt
+ CCM (544) 0.1 M sodium acetate pH 5, ¢ =116.61
20% PEG 8K, 3 mM CCM
BenM-EBD 0.IM K,HPO,, P2,242, a = 6561, b=6525, 2.5 SBCY
+ CCM (712) 0.1 M sodium citrate pH 4, c=117.26
20% PEG 4K,
3mM CCM
BenM-EBD 0.1 M KBr, Cc2 a =289.44, b = 101.82, 2.9 SBCY

+ benzoate (497) 0.1 M CAPS pH 10,
20% PEG 8K,

3 mM benzoate

¢ =211.90, p=117.38

1 Data collected at the Structural Biology Center Collaborative Access Team (SBC-CAT) beamline, Advanced Photon Source,

Argonne, IL, USA.

Figure 1

)

Influence of effectors on the formation of BenM-EBD crystals. BenM-EBD was combined with precipitant
(Hampton Research kit I, solution 20) at a ratio of 4:1 at 288 K (a) in the absence of effectors or () in the
presence of 3 mM CCM, (c) 3 mM benzoate or (d) CCM and benzoate at 3 mM each. The scale bar is 0.2 mm.

may compete with the binding of effectors.
This may be a common trend among LTTRs,
since no structure of an LTTR bound to its
cognate effector has yet been solved. Form I
crystals of BenM-EBD lacking effector,
optimal for high-resolution data collection
(Fig. 1a), were generated at 288 K in sitting
drops under paraffin oil (Chayen, 1997) by
combining 4 pl BenM-EBD (>6 mgml™")
and 1pl of precipitating solution [0.2 M
ammonium sulfate, 0.1 M sodium acetate
trihydrate pH 4.6 and 25% (w/v) PEG 4000]
(Hampton Research screening kit solution
HR 1-20). Microdialysis against buffer
containing both the protein buffer and the
above precipitant in a 3:1 volume ratio also
produced large BenM-EBD crystals suitable
for diffraction studies. When the form I
crystallization conditions were repeated in
the presence of effectors (Figs. 1o and 1c),
CCM appeared to have little effect, while
benzoate significantly blocked crystal
formation. Tryptophan fluorescence studies
show that benzoate causes a conformational
change, indicated by a red shift in the spec-
trum and lowered emission, while CCM only
lowers the emission. Thus, the two effectors
may cause BenM-EBD to respond differ-
ently, which may be reflected in different
crystallization properties (Clark et al., 2003).
Alternatively, it is well established that small
molecules can affect the crystallization of
macromolecules independently of an asso-
ciated biological function, as is the case with
phenol affecting the crystallization of
rhombohedral insulin (Smith & Dodson,
1992).

The diffraction data from a single crystal
of BenM-EBD collected on an area detector
were consistent with the space group
P2,2,2,, having appropriate systematic
absences at 4#00, 0k0 and 00/ odd. The data-
collection strategy was defined to collect
99.5% of the data to 2.4 A, but the data set
was processed to 2.3 A with an overall Rinerge
of 47% (12.8% in the 2.37-2.30 A bin) with
(Ilo(I)) = 50.1 (7.0 in the high resolution
bin). Reflections were visible to 2.2 A reso-
lution. Refined unit-cell parameters were
a=6564,b=06634,c=11746 A.

CatM-EBD crystals, like most of the
BenM-EBD effector-complex crystals, were
thin rods, <50 pm x <50 pm x 0.2 mm.
Interestingly, CatM-EBD crystallized from
the same conditions as the form I crystals of
BenM-EBD, although the space group and
unit-cell parameters were different (1222 or
121212y; a = 66.19, b = 7527, ¢ = 102.52 A).
The conditions for growing CatM-EBD
crystals are still being optimized in order to
increase the crystal dimensions. The single
crystal examined diffracted weakly to 2.9 A
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in-house with long exposures [Rpcree
20.9%, (Ilo(I)) = 13.8]. Because of the poor
statistics, it is possible that the crystals
actually belong to the lower symmetry space
group C2. Rperge Was only marginally lower
in space group C2. The space-group assign-
ment should be resolved once higher reso-
lution data are collected.

The molecular weight of the BenM-EBD
monomer (including the hexahistidine puri-
fication tag) was observed to be 26 232 Da
by liquid-chromatography mass spectro-
metry (data not shown). BenM-EBD had an
apparent molecular weight of 48 000 Da
when analyzed on a standardized HiPrep
Sephacryl S-200 gel-filtration column (26 x
60 cm; Amersham Pharmacia) equilibrated
with 20 mM Tris—-HCI pH 7.9, 500 mM NaCl
and 10%(v/v) glycerol (data not shown).
Taken together, these results indicate that
BenM-EBD is a dimer in solution. Using the
crystallographic unit-cell and space-group
information and assuming two molecules per
asymmetric unit, the Matthews coefficient
Vu is 2.4 A’Da™', which corresponds to
a solvent-volume fraction of 48.9%
(Matthews, 1968). Self-rotation functions
were calculated using the programs GLRF
(Tong & Rossmann, 1997) and AMoRe
(Collaborative ~ Computational ~ Project,
Number 4, 1994; Navaza, 1994) to identify
non-crystallographic symmetry. Despite the
non-crystallographic symmetry suggested by
the Matthews coefficient, no strong peaks
were present in the rotation-function
maps (except those corresponding to the
crystallographic twofold axes). Furthermore,
there were no strong features in the native
Patterson that would indicate a non-
crystallographic twofold axis parallel to
the crystallographic screw axes offset from a
crystallographic axis. Since the related CysB
and OxyR monomers have domains with
pseudo-dyad symmetry, it is possible that the
signal is diffused or that a non-crystallo-
graphic twofold is closely aligned with a cell
(screw) axis. Alternatively, the two subunits
may not be identical, as was seen in the
CbnR structure, albeit only in the orienta-
tion between the effector-binding domain

and the DNA-binding domain (Muraoka,
Okumura, Uragami et al, 2003). An
isomorphous selenomethionyl derivative of
BenM-EBD has been prepared for MAD
phasing. The CatM-EBD crystal had a single
monomer per asymmetric unit, a Vy; of
2.5 A® Da"! and a calculated solvent content
of 49.5%.

The high-resolution diffraction of the
BenM-EBD and CatM-EBD and effector-
complex crystals suggests that the crystals
make excellent candidates for structural
studies. Either would represent only the
fourth structure of a LysR-type transcrip-
tional activator, despite the widespread
distribution of LTTRs. By comparing the
different structures with and without effec-
tors, we may be able to characterize the
synergistic response of BenM at a molecular
level and relate this to the absence of such a
response by CatM.
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