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Abstract: PcpR is a LysR-type transcription factor from Sphingobium chlorophenolicum
L-1 that is responsible for the activation of several genes involved in polychlorophenol
degradation. PcpR responds to several polychlorophenols in vivo. Here, we report the crystal
structures of the inducer-binding domain of PcpR in the apo-form and binary complexes
with pentachlorophenol (PCP) and 2,4,6-trichlorophenol (2,4,6-TCP). Both X-ray crystal
structures and isothermal titration calorimetry data indicated the association of two PCP
molecules per PcpR, but only one 2,4,6-TCP molecule. The hydrophobic nature and hydrogen
bonds of one binding cavity allowed the tight association of both PCP (Kd = 110 nM) and
2,4,6-TCP (Kd = 22.8 nM). However, the other cavity was unique to PCP with much weaker
affinity (Kd = 70 uM) and thus its significance was not clear. Neither phenol nor benzoic
acid displayed any significant affinity to PcpR, indicating a role of chlorine substitution in
ligand specificity. When PcpR is compared with TcpR, a LysR-type regulator controlling
the expression of 2,4,6-trichlorophenol degradation in Cupriavidus necator JMP134,
most of the residues constituting the two inducer-binding cavities of PcpR are different,
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except for their general hydrophobic nature. The finding concurs that PcpR uses various
polychlorophenols as long as it includes 2,4,6-trichlorophenol, as inducers; whereas TcpR is
only responsive to 2,4,6-trichlorophenol.

Keywords: LysR-family; transcription factor; bioremediation; pentachlorophenol;
2,4,6-trichlorophenol

1. Introduction

The mechanism of microbial degradation of polychlorophenols has been extensively studied over the
past several decades with the goal of developing effective bioremediation strategies. Accordingly,
genetic organization, biochemical characterization and structural analysis have been conducted for the
enzymes involved in the degradation of pentachlorophenol (PCP) in Sphingobium chlorophenolicum
L-1 [1-6] and 2.4,6-trichlorophenol (2,4,6-TCP) in Cupriavidus necator JMP134 [7-9]. In
S. chlorophenolicum, PCP is converted to maleylacetate by the concerted actions of a monooxygenase
(PcpB) [3], a quinone reductase (PcpD) [3,5], a reductive dechlorinase (PcpC) [10], a ring cleavage
1,2-dioxygenase (PcpA)[1,2,6], and a chloromaleylacetate reductase (PcpE) [4]. Maleylacetate is further
channeled to the tricarboxylic acid (TCA) cycle for complete mineralization (Figure 1A). PcpR is
responsible for the transcriptional control of PcpA, PcpB, and PcpE, however, PcpC is constitutively
produced [4]. The degradation pathway of 2,4,6-TCP to chloromaleylacetate in C. necator involves a
two-component flavin-diffusible monoxygenase system (TcpX and TcpA), a quinone reductase (TcpB),
a ring-cleaving dioxygenase (TcpC), and a chloromaleylacetate reductase (TcpD) [7]. The produced
maleylacetate is also channeled to the TCA cycle for complete mineralization. TcpR is responsible for
the transcriptional control of all these proteins (Figure 1B) [8].

Understanding transcriptional control of these genes by PcpR and TcpR is critical for the development
of bioremediation strategies. PcpR and TcpR belong to the LysR transcriptional regulator (LTTR)
and are responsible for controlling the degradation of PCP and 2,4,6-TCP, respectively, although their
precise mechanism of transcriptional control is not well defined. The LysR-type regulators have
also been shown to control gene expression for the degradation of other aromatic compounds,
including benzoate and chlorinated aromatic compounds [11]. In general, the LysR family transcription
factors consist of an N-terminal DNA-binding domain (DBD) and a C-terminal inducer-binding
domain (IBD) [12-15].

S. chlorophenolicum uses the PCP pathway (Figure 1A) to degrade a variety of polychlorophenols as
long as both the 2- and 6-positions of the phenol rings are substituted with chlorinesand [3]
(Xun and Orser 1991). Conversely, C. necator JMP134 can only degrade 2,4,6-TCP [8] (Sanchez
and Gonzalez, 2007). The difference is also reflected in the specificities of PcpR and TcpR.
PcpR is activated by several polychlorophenols including PCP, 2,3,5,6-tetrachlorophenol (TeCP),
2,4,6,-trichlorophenol (TCP) and 2,6-dichlorophenol (2,6-DiCP) [3,4] (Xun and Orser 1991).
In contrast, TcpR is activated by only 2,4,6-TCP [8]. The noticeable overlap and difference of substrate
specificity are likely due to specific amino acid substitutions in the inducer-binding pocket.
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Figure 1. Degradation pathway of pentachlorophenol (PCP) in Sphingobium chlorophenolicum
and 2,4,6-TCP in Cupriavidus necator. (A) PCP is converted to maleylacetate through a
series of enzymatic transformations. PcpR is responsible for the transcriptional control of
PcpA, PcpB and PcpE; and (B) 2,4,6-TCP is converted to maleylacetate through a series of
enzymatic transformations. TcpR is responsible for the transcriptional control of TcpX,
TcpA, TepB, TepC and TepD.
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Proper transcriptional control of the participating genes is crucial for in situ bioremediation. Thus,
in order to maximize the efficiency of biodegradation, in-depth knowledge of the regulation mechanisms
is required. In this report, we present crystal structures of the PcpR inducer-binding domain in apo-form
and in complex with the native inducers, PCP and 2,4,6-TCP. Structural information was coupled with
the thermodynamic analysis of inducer binding by isothermal titration calorimetry (ITC), provides a
clear understanding for specificity differences and which helps to shed light on the overall transcriptional
regulation mechanism by PcpR and TcpR and [12-14,16-18].

2. Results and Discussion
2.1. Global and Oligomeric Structure of PcpR

Purified recombinant PcpR protein, which covered the substrate-binding domain (residues from 85
to the C-terminus of PcpR), was crystallized in the R3 space group with 4 molecules per asymmetric
unit (Figure 2A) and solved at 2.7, 2.2 and 1.9 A resolution for the apo-form, PCP and 2,4,6-TCP binary
complexes, respectively (Table 1). The monomeric structure of the PcpR inducer-binding domain
contains two nucleotide-binding (or Rossmann fold) motifs connected by a hinge region (Figure 2B).
Although 4 molecules were seen in the asymmetric unit, PcpR appears to exist as dimers in solution as
illustrated by multi-angle light scattering (MALS) (Figure 3) consistent with weak interaction between
the two dimers in the crystal lattice. The N-, C-terminus and two loop regions (173—177 and 183-186)
of the four molecules in the asymmetric unit and among three structures showed somewhat different
conformations indicating their flexible nature.
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Figure 2. Global structure of PcpR. (A) Ribbon diagram representing two PcpR dimers in
the asymmetric unit; and (B) Overall global structure of PcpR monomer illustrating the two
Rossmann-like domains RDI and RDII, the hinge region, and the C-terminal and
N-terminal of this construct (labelled DBD«-N and C respectively). This figure was

generated using the PyMOL Molecular Graphics System, Version 1.3, Schrédinger, LLC
(Cambridge, MA, USA).
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Table 1. Data collection and refinement statistics.

PcpR-Apo PcpR-PCP PcpR-TCP
Data Collection
Space group R3 R3 R3
Cell dimensions
a, b, c(A) 169.45, 169.45, 109.84 169.05, 169.05, 110.26 169.75, 169.75, 110.15
a, B, v (°) 90.00, 90.00, 120.00 90.00, 90.00, 120.00 90.00, 90.00, 120.00
Resolution (A) 50.00-2.70 (2.80-2.70) *  50.00-2.27 (2.31-2.27) *  50.00-1.94 (1.98-1.94) *
Reym 0.139 (0.448) * 0.082 (0.346) * 0.080 (0.810) *
/el 13.99 (0.77) * 18.50 (2.34) * 14.64 (2.18) *
Completeness (%) 98.6 (85.9) * 99.1 91.9) * 100.0 (100.0) *
Redundancy 543.5)* 5534)* 5.7(5.6) *
Refinement
Resolution (A) 42.36-2.70 49.46-2.27 50.00-1.95
No. reflections 57389 53656 86296
Ryork/ Rfree 0.1605/0.2159 0.1767/0.2151 0.1775/0.2093
No. atoms
Protein 6901 6995 7006
Ligand/ion 0 96 56
Water 112 343 565
B-factors
Protein 45.70 38.40 35.80
Ligand/ion N/A 35.70 35.90
Water 43.00 42.10 42.80
Root mean square
deviations
Bond lengths (A) 0.010 0.009 0.009
Bond angles (°) 1.09 1.02 1.14
Protein Data Bank ID 4RNS 4RPN 4RPO

* Values in parentheses are for highest-resolution shell.
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Figure 3. Oligomeric state of PcpR in solution. The elution profile for PcpR was monitored
with multi-angle laser light scattering and was shown as absorbance (left-Y axis) and
molecular weight (right-Y axis) versus elution volume (mL). The solid line represents
changes in absorption at 280 nm. The thick black cluster in the middle of the peak indicated
the calculated molecular mass (~50 kD) from the light scattering illustrating the dimeric
nature of PcpR.
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The PcpR dimer was established by interactions between -strands and a-helices from each monomer.
Two pairs of a-helices, related by a two-fold axis, formed a hydrophobic dimer interface. Residues
participating in the hydrophobic interactions at this a-helix interface include F106, A109, L112, P113,
V233, V236 and 1237. The B-strand of residues 127-129 formed three inter-dimer hydrogen bonds to
the backbone residues 225227 of the adjacent monomer, establishing two continuous -sheets spanning
through the two monomers in a two-fold manner. Salt bridges were also observed between residues
enforcing a dimer interaction; such as E120 and R195 along with R225, R127 with the carbonyl of P221,
and E229 with R134.

2.2. Inducer-Binding Cavities (IBC) in PcpR

The complex structure of PcpR with PCP displayed the clear electron density for two bound PCP
molecules located in two inducer binding cavities (IBC) (Figure 4A). The first cavity (IBC1) was located
underneath a hinge region between two lobes of the inducer-binding domain and the nearby second
cavity (IBC2) was rather exposed to the surface. In IBC1, the PCP molecule was confined in a relatively
hydrophobic pocket formed by residues S104, F106, L110, F151, F167, Y171, H206, H208, F231, P248,
and V275 (Figure 4B). The crystal structure of PcpR-2,4,6-TCP complex displayed only one molecule
of 2,4,6-TCP residing at IBC1, with no second molecule binding in IBC2. The 2,4,6-TCP molecule in
IBC1 (Figure 4C) was bound in a similar manner to PCP, although the angular orientation of the
two ligand molecules were slightly different. The root-mean square distances (rmsd) between the
apo-form structure and the binary complex structures were 0.53 and 0.58 A for PcpR-PCP complex and
PcpR-2,4,6-TCP complex, respectively, indicating that there were no major backbone conformational
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changes upon ligand association. The relatively low pKa values of PCP (4.74) and 2,4,6-TCP (6.1)
suggest that both ligands are likely in their phenolate form in the crystallization conditions. The oxyanion
moieties of PCP and 2,4,6-TCP were 2.5 A from the hydroxyl oxygen of S104 forming a hydrogen bond
(Figure 4B,C). A water molecule was located in all apo-form and complex structures of PcpR, forming
a hydrogen bond with the backbone amide nitrogen of S104 (Figure 4B,C). The oxyanion moiety of
2,4,6-TCP was hydrogen bonded with the H206-N¢g atom of the imidazole ring, in addition to S104 and
a water molecule. In contrast, the imidazole ring of H206 was pushed away in the PCP complex structure
and not involved in a hydrogen bond network probably due to steric adjustment for the bulkier PCP.

The second binding cavity (IBC2), which was unique to the PCP complex, was located near the dimer
interface between al of RDI and a9 of RDII. The adjacent interacting monomer also contributes its a8
helix and a flexible loop to the second PCP-binding pocket. The pocket is formed from residues F106,
L110, R114, W254 and P305. PCP interacts with the indole sidechain of W254 through n-stacking, and
the oxyanion of PCP interacts electrostatically with the guanidinium sidechain of R114 (Figure 4D).
Additionally, two residues from the adjacent monomer at the dimer interface, V236 and E240,
contributed to the second PCP-binding cavity.

Figure 4. Inducer-binding cavities (IBC) of PcpR. (A) Relative locations of IBC1 and IBC2;
(B) PCP binding cavity 1. 2F—Fc map showing coverage of PCP in IBC1 under the hinge
between RDI and RDII; (C) 2,4,6-TCP binding cavity. 2Fo—Fc map showing coverage of
2,4,6-TCP in IBCI; and (D) PCP binding cavity 2. 2F.-Fc map showing coverage of PCP in
IBC2 between al of RDI1, a9 of RD2 and a flexible loop contributed by the adjacent
monomer. These figures were generated using CCP4MG Version 2.9.0 [19].
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2.3. Isothermal Titration Calorimetry (ITC) Data

ITC was employed to characterize the thermodynamics of inducer-binding to PcpR. The C-terminal
inducer-binding domain was titrated with PCP (Figure 5) and 2,4,6-TCP (Figure 5). The titration curve
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of PCP displayed a two-binding site mode, one tight and the other much weaker. Kd; of PCP was 110 nM
and had an enthalpic contribution, AH =—6.93 kcal/mol, and a positive entropy, AS = 8.60 cal-mol !-K ™!
Kd: of PCP was substantially higher at 70 puM and had a significant enthalpic contribution,
AH = —8.96 kcal/mol, and a negative entropy, AS =—11.0 cal-mol !-K"!. Titration with 2,4,6-TCP had
a single-binding mode with a Kd value of 22.8 nM, an enthalpic contribution of —11.9 kcal/mol, and
AS =—5.04 cal-mol™'-K!. Both phenol and benzoic acid, of which pKa values are 10 and 4.2 respectively,
did not display any apparent affinity to PcpR (Figure 5).

Figure 5. Measurement of PcpR inducer binding through isothermal titration calorimetry
(ITC) experiments. The trend of heat released by serial injections of PCP, 2,4,6-TCP, sodium
benzoate, and phenol. The data shows two sites-binding mode for PCP, one sites-binding
mode for 2,4,6-TCP, and no significant association of either benzoate or phenol.
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2.4. Comparison with Other LysR-Type Transcription Factors

To identify PcpR homologs, a Dali search [20] was conducted with available structures in the Protein
Data Bank (PDB). The most similar structure was DntR [13], a LysR-type regulator from Burkholderia Sp
(PDB ID: 2Y7K) [13] with a high Z score of 25.7, followed by two putative transcriptional regulators
from Pseudomonas aeruginosa (PDB ID: 2ESN) and Vibrio parahaemolyticus (PDB ID: 30XN) with
Z scores of 22.2 and 20.3, respectively. In addition, a BLAST [21] search of the NCBI protein data base
revealed that the highest match is TcpR with 37% sequence identity followed by DntR with 34%.
Sequence alignment also indicated that the residues constituting the DNA-binding and linker domain are
more conserved, relative to the ligand-binding domain, among those proteins (Figure 6). This suggests
that although the overall scaffold of the ligand-binding domain has been conserved, specific binding has
evolved through intense mutations of binding cavities.
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Figure 6. Multiple sequence alignment of PcpR, PcpM, TcpR, DntR and BenM. B-strands

are signified with — and helices with ~o. IBC1 interacting residues are marked with bolded and

underlined residue symbol. IBC2 interacting residues are marked with an *. IBC2 interacting

residues at the dimer interface are marked with #. Multiple sequence alignment was performed

with CLUSTALW [22].
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PcpM 41 | EHFGNQE V RTSRGL WS M TSA PAVY QT ELYHSRL SGAPT = AT 90

TcpR 51 | QYFGDPM:V BVGLRM W K LEL DPVR GI QSVRALR SDEVG' ‘RT 100
DntR 45 TALNDDM L BTSKGM @ Y LHL.EPVI YA!NTLQTAL TTRDS. -FA 94

BenM 40 EEELGIQWLE FHGSRPVKTH EGHFFYQYAI KL SNVDOMV SMTKRI--AS 87

* * % * k
PcpR 95 [NIN'RIAAS [[FGQALM ER LYATLEET B QVRVTGVNLR HGPIVEE! 'S 144
PcpM 91 | D E HIAAS 'V HLLV JgR MLOWVRGL |§ DVRFKAIPLG GEK/!IAR T 140
TcpR 101 [Q S SFFLL A ASQM [#P LLSRLAEE [§ GILVQAVNAD ATH/DIW N 150
DntR 95 | T T NLAMT I EMYFMEP LMEALAQR | HIQISTLRPN AGN /KEDM S 144
BenM 88 VEKTIRIGFV GSLLFGL |§R ITHLYRQAHj NLRIELYEMG TKAQTEA KE 137
PcpR 145 ESIEI EEGF | T/sAGIKTQ TEFREE¥VCV MRQS! --AL THG-LDIEA" 191
PcpM 141 @EVT T@SF A YAGVVEQ TMFP E VCV VPRSY----L PAGRLTMNR 186
TcpR 151 ELVBL I[€SF G TQSIRRQ LEWH T GAV VRKD | '--RL AQL-GD'DA 197
DntR 145 1 LELL E QTGFFQR RMFRHR VCM FRKD --SA KSP-MS KQ: 191
BenM 138 [@RIBAGFERL KISDPAIKRT LM@RN RLMVA VHAS LNQM KDKGVH NDL 187
* ¥ #
PcpR 192 RQCR II[/TA HEFNHVHEQ EARL-LELLP PES[RFTTEN ELVSAVI EE 240
PcpM 187 KAAR IL DG RHLG IHED,| EKLL-RKIVG PSN I TVMADS -LLSAH 'EQ 235
TcpR 198 VAEK VL SA VGTG QHLSI ERAI-EAAVP HTNIICRVPS -ATAGL KH 246
DntR 192 TELE VG VA LNTG G--E! DGLL-ERAGI KRRMRLVVPH IAIGP/ LHS 238
BenM 188 IDEKILLYPS SPKPNFSTH MNIFSDHGLE PTK NEVREV QLALGLV AG 237
L *
PcpR 241 TDVILTIBSR LARWFANRGG LTIFPVIE  [ESIEVKQY| | E YDKD I 290
PcpM 236 SELILTT SR LTGLL-NTER VRIVKPEVV [BGFTVKQY| | E FHDD -~ R 284
TcpR 247 SDAVAVL LT LARALCKDLD LTVVMP[ELT ' [EGMDIAQH | D VHRE  Q 296
DntR 239 TDLIATV QR FAVRCEVPFG LTTSPHEAK [EDTATNLF ~ AKYNRD -~ M 288
BenM 238 EGISLVPAST QSTIQL----- FNLSYVJLLD DATTPIYTIA Vi NMEESTYI 282
*

PcpR 291 | - RVIAKI ------ GFQN PPAE---- 307

PcpM 285 - GILSRM RGLSEEGEDA PAPD---- 307

TcpR 297 | -1 ALVHRI FARHDAVAGA AAGANMEG 323

DntR 289 - QLFVEL FSEA---——=- ———————- 301

BenM 283 YS YETIRQI YAYE--GFTE PPNW---- 304

The overall fold of PcpR was similar to not only DntR [13], but also another structurally established
LysR-type protein, BenM, a LysR-type regulator from Burkholderia cepacia R34. The core rmsd
between PcpR and BenM is 4.8 A and the core rmsd between PcpR and DntR is ~1.5 A. Further comparison
with the inducer-bound complex structures of BenM-benzoate (PDB ID: 2F78) and DntR-salicylate
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(PDB ID: 2Y7K) illustrated that all three proteins share approximately the same location for IBCI.
Benzoate and salicylate were 3.6 and 4.0 A, respectively, separated from the spatial center of the PCP
molecule in IBC1 of PcpR. However, the location of IBC2 in these proteins is drastically different [13].

Although the polar residues are not conserved, the hydrophobic residues constituting IBC1 in PcpR
are somewhat conserved among TcpR, DntR, and BenM (Figure 6). When specifically comparing IBC1
of PcpR with that of TcpR, the PcpR residues S104, L110, F151, F167, V207 and V275 are replaced by
L110, Q116, 1157, W173, Q213 and 1281. In particular, the sidechain of S104 established a hydrogen
bond with the phenolate oxygen of PCP in PcpR, while the corresponding residue in TcpR is replaced
by the hydrophobic residue L110. In addition, the residue L110 in PcpR, which is located in a
hydrophobic core between IBC1 and IBC2, is replaced with the polar residue Q116 in TcpR. Thus it is
likely that the orientation of inducer is quite different between these two related transcription factors.
Supporting this, PCP does not display any transcriptional effect with TcpR [8], indicating PCP
might have affinity only for PcpR and not TcpR. Additional in vivo experiments demonstrated PcpR is
responsive to several polychlorophenols for activating the expression of the pcp genes [4]; however,
TcpR is only responsive to 2,4,6-TCP and 2,4,6-tribromophenol, but not other polychlorphenols [8].

A comparison of the PcpR IBC1 residues with those in DntR reveals that S104 of PcpR is replaced
with threonine, T104. The hydrogen bond between PcpR-S104 and the phenolate oxygen of PCP is
replaced by a water-mediated hydrogen bond between DntR-T104 and salicylate [13]. Other differences
in IBC1 between PcpR and DntR include changes of F1061, L110Q, F151L, E170H, and the replacement
of V275 in PcpR with 1272 in DntR. Close comparison of the residues between PcpR and BenM also
illustrates the conservation of hydrophobic character in the binding pockets, while there is little overlap
in polar residues.

Another noticeable residue in IBC1 is H206 that is conserved in PcpR, TcpR, and DntR. The
imidazole Ne of H206 is hydrogen bonded to the phenolate oxygen of 2,4,6-TCP in PcpR. In contrast,
H206 is moved away from the cavity interior in the PCP complex structure, likely due to steric effects
from the bulkier PCP inducer. In DntR, the imidazole side chain of H206 forms a hydrogen bond with
its inducer molecule, salicylate [13]. In BenM, the corresponding residue is replaced by N202 that is not
within contact distance of the inducer molecule.

2.5. Substrate Specificity Differences among PcpR, TcpR and Other LTTRs

The PcpR regulation system in Sphingobium chlorophenolicum L-1 is activated by several
polychlorophenols including PCP, 2.4,5,6-TeCP, 2,4,6-TCP, 2,6-DiCP, and 2.,4,6-tribormophenol.
On the contrary, the TcpR system in Cupriavidus necator IMP134 can be only activated by 2,4,6-TCP
and 2,4,6-tribromophenol [8]. The tcp genes are likely involved in the degradation of tribromophenol,
which is common in the soil and ocean [8,18].

Our ITC data indicated that the IBC1 of PcpR has a higher affinity toward 2,4,6-TCP (Kd = 22.8 nM)
than PCP (Kd; = 110 nM). The difference in those Kd values resulted from both enthalpic and entropic
contributions. The enthalpic contributions of 2,4,6-TCP and PCP binding were —11.9 and —6.9 kcal/mol,
respectively, contributing to a large magnitude of the Kd difference.

Considering the pKa values at 25 °C for 2,4,6-TCP and PCP are 6.1 and 4.5 respectively [23], the
hydroxyl group of both molecules at physiological pH should be in a deprotonated state, and ultimately
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be able to interact with the S104 side chain in IBC1 (Figure 7A). The more hydrophobic nature and
larger molecular volume of PCP (Figure 7C) compared to those of 2,4,6-TCP (Figure 7D) could provoke
large hydrophobic interaction freeing more water molecules of binding pockets resulting in entropic
gain. Neither phenol nor benzoic acid displayed any significant affinity (Figure 5) indicating the
contribution of the chlorine groups. In addition, considering the negative entropy in PCP-binding to
IBC2 (—11.0 cal'-mol '-K™"), a substantial change in local conformation should follow upon association,
which 2,4,6-TCP cannot invoke due to its relative hydrophobic nature compared to PCP (Figure 7C,D).

Figure 7. Electrostatic potential surfaces of PcpR’s two ligand-binding sites,
pentachlorophenol, and 2,4,6-trichlorophenol. The electrostatic potential for Figures 7A
through 7D were all mapped on a scale of —0.250 hartrees (red) to +0.300 hartrees (blue).
(A) The inducer-binding site 1 (IBC1) of PcpR with His206 in the PCP-bound conformation.
Ser104 and the water molecule that donates a hydrogen bond to PCP are indicated. The
approximate PCP binding mode is shown as a ChemDraw (Version 14, CambridgeSoft,
Cambridge, MA, USA) figure overlaid onto the electrostatic potential surface; (B) The
inducer-binding site 2 (IBC2) of PcpR in the PCP-bound conformation. Argl14 and the
water molecule that donates a hydrogen bond to PCP are indicated. The approximate PCP
binding mode is shown as a ChemDraw figure overlaid onto the electrostatic potential
surface; (C) The electrostatic potential surface of the pentachlorophenolate; and (D) The
electrostatic potential surface of the 2,4,6-trichlorophenolate anion.

The ITC data showed a second binding event for PCP. The second binding site for PCP had a
Kd>=70 uM, AH> = —9.0 kcal/mol, and AS> =—11.0 cal-mol '-K"!. This second binding event observed
in ITC measurements correlates well with observed PCP at IBC2 in our complex crystal structures.
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The relatively higher entropic cost of this second binding event is consistent with a substantial
rearrangement of the constituent side chains of IBC2.

2.6. Oligomerization and Regulation Mechanism of PcpR

Although the asymmetric unit of the PcpR inducer-binding domain was tetrameric, the interactions
observed in the inter-dimer interface were relatively weak and the MALS data clearly indicated a dimeric
nature (Figure 3). To further analyze the biological relevance of the oligomeric state of PcpR observed
in the crystal lattice, the apo-form coordinates were uploaded to the Protein Interfaces, Surfaces, and
Assemblies server (PISA) [24]. The results of PISA analysis gave average buried surface area of
1985.3 A% and AG of dimer formation to be —10.1 kcal/mol. The complexation significance score (CSS)
for this dimer interface was 1. Examination of another interface, could establish a potential tetramer,
gave an average buried surface area of 254.1 A%, AG of interface formation to be —0.25 kcal/mol, and
CSS of 0. Overall PISA results suggested the observed dimer to be biologically relevant, but not for
tetramer. Thus, the observed tetrameric nature in the asymmetric unit is likely due to crystal packing
forces. As indicated in conflicting reports, and various forms of tetramers among inducer-binding
domain crystal structures [13], it is highly plausible that inducer-binding domains may not form
physiologically relevant tetramers without the presence of the linker helix or DNA-binding domain.

In general, it is believed that specific interactions between LTTR proteins and their corresponding
inducer molecules, which is one-to-one in most cases, results in the required conformational changes for
oligomerization of the protein [16]. Although two inducer molecules per LTTR subunit has been
observed in DntR and BenM, the significance of two-IBC systems in transcriptional regulation is not
well understood. Both our crystal structure and ITC data indicated that PcpR-IBC2 showed a weak
affinity to PCP, no affinity for 2,4,6-TCP, and a drastically different location compared to that of BenM.

Considering the close proximity between IBCs, it is plausible to expect a progressive change upon
initial high affinity binding to the IBC1 (Kd of 110 nM) and followed by the low affinity binding to
IBC2 (Kd of 70 uM), and thus a full range of conformational change could occur only when both sites
are occupied. Supporting this speculation, the complete conformational change of BenM occurs only in
the event of both IBC1 and IBC2 being occupied [14]. In the case of Acinetobacter baylyi, its operon is
activated upon binding of either benzoate or cis—cis muconate onto BenM and its full transcriptional
activation requires the presence of both inducer molecules [13,17]. It has also been reported that the fully
closed conformation of DntR from Burkholderia cepacia R34 can only be established when both IBC1
and IBC2 are occupied [13]. However considering the two facts that 2,4,6-TCP can occupy only IBC1
of PcpR, but both PCP and 2,4,6-TCP are the effective translational regulator for PcpR, the significance
of IBC2 and progressive induction in PcpR is doubtful.

Despite the close proximity of the PCP-binding sites in PcpR, there were no significant
conformational changes of the backbone, or the dimer orientations upon comparing the apo-form to
either the PCP or 2,4,6-TCP complex structures. Comparison of PcpR with BenM and DntR [13]
indicates that both our apo-form and inducer bound structures of PcpR are in the closed conformation,
which could be due to a crystal packing forces. However, the structure of PcpR in solution could adopt
an open conformation and inducer-binding triggers a transition to a closed form and this dynamic motion
of the inducer-binding domain between an open and closed conformation could be communicated to the
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DNA binding domain via the linker helix as suggested in previous models to effect a transcriptional
response [12,13].

3. Experimental Section
3.1. Chemicals

Chemicals were obtained from Sigma Aldrich (St. Louis, MO, USA) or Fisher Scientific (Waltham,
MA, USA). Crystallization screens were obtained from Hampton Research (Aliso Viejo, CA, USA).

3.2. Cloning, Expression and Purification

The pcpR gene that covers a substrate-binding domain (residues from 85 to the C-terminus of PcpR)
was cloned into the pET30-LIC vector, and expressed as a C-terminal HIS6X fusion protein.
Two hundred milliliters of luria broth (LB) supplemented with 30 pg/mL kanamycin was inoculated
with a freezer stock of pET30a PcpR in BL21(DE3) cells and incubated overnight at 37 °C with
constant shaking at 250 rpm. The 200 mL culture was then used to inoculate 4.5 L of LB medium.
Protein expression was induced by addition of isopropyl B-D-thiogalactopyranoside (IPTG) to 0.5 mM
final concentration at mid-log phase (4eo0 = ~0.6). Following induction, the cells were further
incubated for 12 h at 20 °C with constant shaking at 200 rpm. The cells were then harvested by
centrifugation (3000% g), after which the pellet was frozen to promote cell lysis. The pellet was thawed
at room temperature and suspended in a minimal volume of lysis buffer (50 mM Tris pH 8.0,
300 mM NaCl, 20 mM imidazole and 5% v/v glycerol). The cell suspension was sonicated
(450 Sonifier®, Branson Ultrasonics, Danbury, CT, USA), and the resulting lysate cleared by
centrifugation (20,000 X g for 20 min).

Lysate was applied to a nickel-nitrilotriacetate column and washed with several column volumes
of lysis buffer. Elution buffer consisted of lysis buffer supplemented with 250 mM imidazole.
Eluted fractions containing PcpR were combined, concentrated, and buffer-exchanged into 20 mM Tris
(pH 8.5) by ultrafiltration in an Amicon 8050 cell (Millipore, Billerica, MA, USA) with a 5-kDa
cutoff polyethersulfone membrane (Millipore), loaded onto a Mono Q™ GL10/100 anion-exchange
column (GE Healthcare, Piscataway, NJ, USA), and eluted at 200 mM NaCl with a linear NaCl gradient
of 0 to 2 M NacCl using a preparative HPLC (Akta Explorer, GE Healthcare). Fractions containing PcpR
were pooled, concentrated, and exchanged into 20 mM Tris (pH 8.5) with 5% v/v glycerol. Final
homogeneity of the purified proteins was estimated over 99%. Purity was monitored for all protein
preparations by SDS-PAGE and protein concentrations were determined by Bradford assay using BSA
as a standard.

3.3. Protein Crystallization and Structure Determination

Crystals of PcpR were grown using the hanging drop vapor diffusion method. Purified PcpR
(10 mg/mL) in 20 mM Tris pH 8.5 with 5% v/v glycerol was mixed with an equal volume of reservoir
solution and equilibrated against the same solution at 4 °C. The reservoir solution for PcpR apo-form
crystals was 0.2 M sodium tartrate dibasic dihydrate with 20% w/v polyethylene glycol 3350. Crystals
of PcpR typically appeared within 10-15 days. PcpR:PCP complex crystals were obtained by first
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growing apo-form crystals in a different condition (0.1 M sodium malonate pH 5.0 with 12% w/v
polyethylene glycol 3350). These crystals were subsequently soaked with PCP and incubated for 30 min.

Co-crystals of PcpR complexed with 2,4,6-TCP were grown using the hanging drop vapor diffusion
method just as with the apo-crystals of PcpR except the purified PcpR was first buffer exchanged to
20 mM Tris, 100 mM NaCl pH 7.5 with 5% v/v glycerol. The reservoir condition used for crystallization
was 0.2 M sodium tartrate dibasic dihydrate, 20% w/v PEG 4,000. The hanging drop was set with 2 uLL
of PcpR (8.4 mg/mL), 2 uL reservoir solution, and 2 pL of either 2,4,6-TCP (1.5 mM) or PCP (1.5 mM).
Both PcpR-2,4,6-TCP and PcpR-PCP co-crystals grew in 2 to 3 days.

All crystals were cryoprotected during looping using reservoir solution supplemented with of
15% v/v glycerol and subsequently flash frozen in liquid nitrogen. All diffraction data were collected at
the Lawrence Berkeley National Laboratory Advanced Light Source (ALS, beam line 8.2.1, Berkeley,
CA, USA) and processed with the HKL.2000 package [25]. The statistics for the diffraction data are
listed in Table 1. Initial phasing of apo-form PcpR diffraction data was conducted by molecular
replacement with the PDB coordinates, 2Y7W, using PHENIX phaser [26]. Iterative model building and
refinement took place using the programs COOT [27] and PHENIX [26]. The PcpR apo-form model
was used for initial phasing of the complex data sets described above.

3.4. Isothermal Titration Calorimetry (ITC)

Isothermal titration calorimetric reactions were carried out on a MicroCal 1TC200 instrument
(GE Healthcare). The PcpR inducer domain was prepared for ITC by buffer exchange into
20 mM Tris, 100 mM NacCl, pH 7.5 at 4 °C. PcpR protein in the calorimetric reaction cell was diluted to
50 uM with a 20 mM Tris, 100mM NacCl, 1% DMSO, pH 7.5. All titrations were performed at 25 °C
with a stirring speed of 750 rpm with an initial injection of 0.8 uL and 25 subsequent injections of
1.5 pL. Ligands were diluted into the buffer used for protein buffer exchange and injected into the
MicroCal iTC200 sample cell containing protein solution, and the heats of binding were recorded.
Ligands were also titrated against buffer to account for the heats of dilution. Ligand concentrations were
adjusted to obtain significant heats of binding, and the time intervals between injections were also
adjusted to ensure proper baseline equilibration. Origin 7 Microcal Data Analysis software analysis
package (GE Healthcare) was used for ITC curve fitting. A two set of sites model was employed. Curve
fitting equations can be found in the Microcal ITC200 User Manual appendix [28].

3.5. Multi-Angle Light Scattering (MALS)

The weight-average molecular mass of PcpR was measured by combined size exclusion
chromatography and multi-angle laser light scattering as described previously [29]. Briefly, 200 pg
of PcpR was loaded onto a BioSep-SEC-S 2000 column (Phenomenex, Torrance, CA, USA) and eluted

isocratically with a flow rate of 0.5 mL-min"'

. The eluate was passed through a tandem UV detector
(Gilson, Middleton, WI, USA), Optilab digital signal processing interferometric refractometer
(Wyatt Technology, Santa Barbara, CA, USA), and a Dawn EOS laser light scattering detector
(Wyatt Technology). Scattering data was analyzed using the Zimm fitting method with the Astra

software package (Wyatt Technology).
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3.6. Electrostatic Potential Surface Calculation of Ligands and Binding Pocket

Pentachlorophenolate anion and 2,4,6-trichlorophenolate anion were optimized in Gaussian 09 [30]
at the B3LYP level of theory using augmented triple-zeta correlation-consistent basis sets
(aug-cc-pVTZ) [31]. Total electron density and electrostatic potential grids at 12 points per bohr were
generated from the optimized molecular self-consistent field densities using the Gaussian 09
cubegen utility and mapped in GaussView 3.09 [32] as the electrostatic potential on the electron density
at 0.020 electrons/bohr>.

The electrostatic potential surface of the IBCl and IBC2 were generated by performing a
quadratically-convergent single-point calculation at the B3LYP/cc-pVDZ level of theory
(aug-cc-pVDZ for N and O) on select residues taken from the PcpR:PCP complex structure. Idealized
hydrogen atoms were added to the structure using the Phenix ReadySet utility [26]. Self-consistent field
total electron density and electrostatic potentials were generated at 12 and 6 points per bohr, respectively,
and plotted using the same method as described for PCP and 2,4,6-TCP. All electrostatic potentials were
plotted on a range of —0.250 hartrees (red) to +0.300 hartrees (blue).

4. Conclusions

The work presented here illustrates the PcpR transcriptional control system that regulates the
expression of the dechlorination enzymes responsible for PCP degradation. PcpR has two inducer
binding cavities (IBCs), both of which contain the inducer molecule, PCP; however, the affinity of IBCI,
1s much higher than that of IBC2. Multiple binding sites have been noticed across the LysR transcription
family, however, the placement of the second binding site is quite varied and its significance in
transcriptional control is not well understood. Considering the fact that another effective inducer,
2,4,6-TCP, has no affinity to the IBC2, binding to IBC1 is likely sufficient to turn on the transcription
of participating genes. When PcpR is compared with TcpR, most of the residues constituting the
inducer-binding cavities are different, suggesting the two regulator proteins should have evolved a
different inducer-binding mode and specificity. This finding is in agreement that PcpR uses several
polychlorophenols, including PCP, 2.4,6-trichlorophenol and 2,4,6-tribromoophenol, as inducers;
whereas TcpR is only responsive to 2,4,6-trichlorophenol and 2,4,6-tribromoophenol.

Acknowledgments

Original research was supported by NSF (MCB 1021148, DBI 0959778) and M.J. Murdock
Charitable Trust.

Author Contributions

Protein purification, crystallization, data collection and structure solution for PcpR-apo and PcpR-PCP
was conducted by Robert P. Hayes and David Onofrei. Light scattering studies were conducted by
Robert P. Hayes. Purification, crystallization, data collection and structure solution of PcpR-TCP complex
was conducted by Timothy W. Moural. ITC experiments were conducted by Timothy W. Moural.
Experiments were designed by ChulHee Kang, Luying Xun, Robert P. Hayes, Timothy W. Moural and



Int. J. Mol. Sci. 2014, 15 20750

Kevin M. Lewis. Manuscript was prepared by ChulHee Kang, Luying Xun, Robert P. Hayes, and
Timothy W. Moural.

Conflicts of Interest

The authors declare no conflict of interest.

References

10.

11.

12.

Hayes, R.; Nissen, M.; Green, A.; Lewis, K.; Xun, L.; Kang, C. Structural characterization
of 2,6-dichloro-p-hydroquinone 1,2-dioxygenase (PcpA), a new type of aromatic ring-cleavage enzyme.
Mol. Microbiol. 2013, 88, 523-536.

Xun, L.; Bohuslavek, J.; Cai, M. Characterization of 2,6-dichloro-p-hydroquinone 1,2-dioxygenase
(PcpA) of sphingomonas chlorophenolica ATCC 39723. Biochem. Biophys. Res. Commun. 1999,
266, 322-325.

Xun, L.Y.; Orser, C.S. Purification of a Flavobacterium pentachlorophenol-induced periplasmic
protein (PcpA) and nucleotide sequence of the corresponding gene (PcpA). J. Bacteriol. 1991, 173,
2920-2926.

Cai, M.; Xun, L. Organization and regulation of pentachlorophenol-degrading genes in
Sphingobium chlorophenolicum ATCC 39723. J. Bacteriol. 2002, 184, 4672-4680.

Dai, M.; Rogers, J.; Warner, J.; Copley, S. A previously unrecognized step in pentachlorophenol
degradation in Sphingobium chlorophenolicum is catalyzed by tetrachlorobenzoquinone reductase
(PcpD). J. Bacteriol. 2003, 185, 302-310.

Ohtsubo, Y.; Miyauchi, K.; Kanda, K.; Hatta, T.; Kiyohara, H.; Senda, T.; Nagata, Y.; Mitsui, Y.;
Takagi, M. PcpA, which is involved in the degradation of pentachlorophenol in sphingomonas
chlorophenolica ATCC 39723, is a novel type of ring-cleavage dioxygenase. FEBS Lett. 1999, 459,
395-598.

Louie, T.; Webster, C.; Xun, L. Genetic and biochemical characterization of a 2,4,6-trichlorophenol
degradation pathway in Ralstonia eutropha IMP134. J. Bacteriol. 2002, 184, 3492-3500.
Sanchez, M.A.; Gonzalez, B. Genetic characterization of 2,4,6-trichlorophenol degradation in
cupriavidus necator JIMP134. Appl. Environ. Microbiol. 2007, 73, 2769-2776.

Hayes, R.P.; Webb, B.N.; Subramanian, A.K.; Nissen, M.; Popchock, A.; Xun, L.; Kang, C.
Structural and catalytic differences between two FADH(2)-dependent monooxygenases: 2,4,5-TCP
4-monooxygenase (TftD) from Burkholderia cepacia AC1100 and 2,4,6-TCP 4-monooxygenase
(TepA) from Cupriavidus necator IMP134. Int. J. Mol. Sci. 2012, 13, 9769-9784.

Orser, C.S.; Dutton, J.; Lange, C.; Jablonski, P.; Xun, L.; Hargis, M. Characterization of a
Flavobacterium glutathione S-transferase gene involved reductive dechlorination. J. Bacteriol.
1993, 175, 2640-2644.

Tropel, D.; van der Meer, J. Bacterial transcriptional regulators for degradation pathways of
aromatic compounds. Microbiol. Mol. Biol. Rev. 2004, 68, 474-500.

Maddocks, S.E.; Oyston, P.C. Structure and function of the LysR-type transcriptional regulator
(LTTR) family proteins. Microbiology 2008, 154, 3609-3623.



Int. J. Mol. Sci. 2014, 15 20751

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Devesse, L.; Smirnova, I.; Lonneborg, R.; Kapp, U.; Brzezinski, P.; Leonard, G.; Dian, C.
Crystal structures of DntR inducer binding domains in complex with salicylate offer insights into
the activation of LysR-type transcriptional regulators. Mol. Microbiol. 2011, 81, 354-367.
Ezezika, O.C.; Haddad, S.; Clark, T.J.; Neidle, E.L.; Momany, C. Distinct effector-binding sites
enable synergistic transcriptional activation by BenM, a LysR-type regulator. J. Mol. Biol. 2007,
367, 616-629.

Ruangprasert, A.; Craven, S.; Neidle, E.; Momany, C. Full-length structures of BenM and
two variants reveal different oligomerization schemes for LysR-type transcriptional regulators.
J. Mol. Biol. 2010, 404, 568—586.

Lonneborg, R.; Smirnova, I.; Dian, C.; Leonard, G.; Brzezinski, P. In vivo and in vitro investigation
of transcriptional regulation by DntR. J. Mol. Biol. 2007, 372, 571-582.

Clark, T.J.; Phillips, R.S.; Bundy, B.M.; Momany, C.; Neidle, E.L. Benzoate decreases the binding
of cis,cis-muconate to the BenM regulator despite the synergistic effect of both compounds on
transcriptional activation. J. Bacteriol. 2004, 186, 1200—1204.

Organization, W.H. 2,4,6-Tribromophenol and other simple brominated phenols. Concise Int.
Chem. Assess. Doc. 2005, 66, 29-35.

McNicholas, S.; Potterton, E.; Wilson, K.S.; Noble, M.E.M. Presenting your structures: The
CCP4MG molecular-graphics software. Acta Cryst. 2011, D67, 386—394.

Holm, L.; Rosenstrom, P. Dali server: Conservation mapping in 3D. Nucl. Acids Res. 2010, 38,
W545-W549.

Altschul, S.; Madden, T.; Schaffer, A.; Zhang, J.; Zhang, Z.; Miller, W.; Lipman, D. Gapped blast
and psi-blast: A new generation of protein database search programs. Nucl. Acids Res. 1997, 25,
3389-3402.

Larkin, M.A.; Blackshields, G.; Brown, N.P.; Chenna, R.; McGettigan, P.A.; McWilliam, H.;
Valentin, F.; Wallace, L.M.; Wilm A.; Lopez, R.; et al. Clustal W and Clustal X version 2.0.
Bioinformatics 2007, 23, 2947-2948.

Wightman, P.; Fein, J. Experimental study of 2,4,6-trichlorophenol and pentachlorophenol
solubilities in aqueous solutions: Derivation of a speciation-based chlorophenol solubility model.
Appl. Geochem. 1999, 14,319-331.

Krissinel, E.; Henrick, K. Inference of macromolecular assemblies from crystalline state.
J. Mol. Biol. 2007, 372, 774-797.

Otwinowski, Z.; Minor, W. Processing of X-ray diffraction data collected in oscillation mode.
Methods Enzymol. 1997, 276, 307-326.

Adams, P.; Grosse-Kunstleve, R.; Hung, L.-W_; Toerger, T.; McCoy, A.; Moriarty, N.; Read, R.;
Sacchettini, J.; SauterN, K.; Terwilliger, T. Phenix: Building new software for automated
crystallographic structure determination. Acta Cryst. 2002, D58, 1948—1954.

Emsley, P.; Lohkamp, B.; Scott, W.G.; Cowtan, K. Features and development of coot.
Acta Crystallogr. D Biol. Crystallogr. 2010, 66, 486-501.

Microcal™ iTC200 System User Manual, 29017607 AA 04 ed.; General Electric Company:
Piscataway, NJ, USA, 2012.



Int. J. Mol. Sci. 2014, 15 20752

29. Youn, B.; Moinuddin, S.; Davin, L.; Lewis, N.; Kang, C. Crystal structures of apo-form and
binary/ternary complexes of podophyllum secoisolariciresinol dehydrogenase, an enzyme involved
in formation of health-protecting and plant defense lignans. J. Biol. Chem. 2005, 280, 12917-12926.

30. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.;
Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G.A.; et al. Gaussian 09, Gaussian, Inc.:
Wallingford, CT, USA, 2009.

31. Peterson, K.A.; Dunning, T.H. Accurate correlation consistent basis sets for molecular core-valence
correlation effects: The second row atoms Al-Ar, and the first row atoms B-Ne revisited.
J. Chem. Phys. 2002, 117, 10548—-10560.

32. Frisch, M.J. Gaussview, 3; Gaussian, Inc.: Wallingford, CT, USA, 2004.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



