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Abstract

AphB is a LysR-type transcriptional regulator (LTTR) that cooperates with a second
transcriptional activator, AphA, at the fcpPH promoter to initiate expression of the virulence
cascade in Vibrio cholerae. Since it is not yet known whether AphB responds to a natural ligand in
V/ cholerae that influences its ability to activate transcription, we used a computational approach to
identify small molecules that influence its activity. /n7 sifico docking was used to identify potential
ligands for AphB, and saturation transfer difference NMR was subsequently employed to access
the validity of promising targets. We identified a small molecule, BP-15, that specifically binds the
C-terminal regulatory domain of AphB and increases its activity. Interestingly, molecular docking
predicts that BP-15 does not bind in the putative primary effector-binding pocket located at the
interface of RD-I and RD-II as in other LTTRS, but rather at the dimerization interface. The
information gained in this study helps us to further understand the mechanism by which
transcriptional activation by AphB is regulated by suggesting that AphB has a secondary ligand
binding site, as observed in other LTTRs. This study also lays the groundwork for future design of
inhibitory molecules to block the V/ cholerae virulence cascade, thereby preventing the devastating
symptoms of cholera infection.
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INTRODUCTION

Cholera is a disease caused by the ingestion of food and water contaminated with pathogenic
strains of the bacterium V/ cholerae.r The infection causes watery diarrhea that rapidly
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causes dehydration and, if treatment is not promptly given, can result in death.2~# In order to
be pathogenic, V/ cholerae serogroup O1 must possess two genetic elements, the Vibrio
pathogenicity island (\VPI) which contains genes for the toxin coregulated pilus (TCP), and
the CTX phage, a lysogenic bacteriophage that encodes the protein cholera toxin (CT).>’
TCP is essential for V/ cholerae colonization of host epithelial cells® and CT is responsible
for the symptoms associated with the disease.> 8

A transcriptional cascade involving activator proteins encoded both within the VPI and the
ancestral genome controls the expression of these two virulence factors. AphB, encoded in
the ancestral genome, is a LysR-type transcriptional regulator (LTTR) that initiates the
expression of the virulence cascade by activating the fcoPH promoter on the VP1.9: 10 |n
order to perform this function, AphB cooperates with a second transcriptional activator,
AphA, also encoded in the ancestral genome.% 11 TcpP is a membrane bound transcriptional
activator that, once expressed, cooperates with a homologous transcriptional activator, ToxR,
to activate the gene encoding ToxT.12 ToxT is the master virulence regulator in V/ cholerae
and directly activates the genes encoding TCP and CT, in addition to regulating its own
expression. 13 14

Proteins in the LTTR family are among the most abundant types of transcriptional regulators
in prokaryotes and members are involved in regulating diverse sets of genes that influence a
variety of biological processes.1> Homologs in this family possess a well-conserved winged
helix-turn-helix DNA binding domain in the N-terminus and a poorly conserved regulatory
domain in the C-terminus and are known to adopt different oligomeric states.1®> The X-ray
structure of tetrameric AphB has been solved to 2.2 A (Figure 1)18 and shows two
dimerization interfaces within the protein, one at the DNA binding domain and the other at
the regulatory domain (Figure 1A). The regulatory domain comprises two distinct
subdomains (RD-1 and RD-II), at the interface of which lies the putative effector-binding
pocket (Figure 1B).16 A tetramer of an LTTR consists of extended and compact subunits,
which differ in the distance and orientation between the regulatory domain and the DNA
binding domain.

For many LTTRs, the effector is a substrate or metabolite of the regulated genes, and
effector binding into the pocket of the regulatory domain induces a conformational change in
the protein that alters its ability to bind to DNA and activate transcription of specific target
genes.15 1718 The high-resolution crystal structure of TsaR bound to its effector molecule
para-toluenesulfonate (TSA) is the only full-length effector-bound LTTR structure currently
in the literature.18

In addition, only a few crystal structures of LysR regulatory domains have been solved with
their effectors bound. These include BenM from Acinetobacter baylyibound to both its
effector molecules: ¢fs, c/ssmuconate, in the pocket created between RD-I and RD-11, and
benzoate in a second binding site located in RD-1.17 The LysR homolog, CatM, has been
solved with its effector molecule cis, cis-muconate in its regulatory domain.1” The
regulatory domain of DntR has been solved with salicylate bound at two distinct locations.1?
Additionally, the LysR homologue CrgA has been shown to be activated by a specific
protein-protein interaction with HPr, a phosphocarrier protein involved in PTS sugar
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metabolism, demonstrating that regulation of these proteins is not only mediated by small
molecule ligands, but also effector proteins.20 In addition to its role in virulence, AphB
regulates a diverse set of genes that are involved in the maintenance of pH homeostasis and
management of oxidative stress in V/ cholerae.1: 22 Although it is not known if AphB
requires an effector for transcriptional activation, AphB appears to be influenced by both pH
and environmental oxygen levels.16: 21 Mutations identified in the putative primary effector-
binding pocket allow the protein to constitutively activate fcpPH expression at the non-
permissive pH of 8.5 and in the presence of oxygen.18 These findings indicate that AphB is
responsive to intracellular pH as well as to anaerobiosis and that the residues in the effector-
binding pocket of the protein influence its ability to respond to both of these signals. The
crystal structure of one of the effector-binding pocket mutants, N100OE, showed a
reorientation of the DNA binding domain of AphB, suggesting how effector binding could
influence transcriptional activation.1

To gain insight into the mechanism of transcriptional activation of tcoPH by AphB, we set
out to identify small molecules that influence its transcriptional activity. Using the
computational screening tool AutoDock 4.0.1, we have identified an activator molecule for
AphB. Utilizing saturation transfer difference NMR (STD-NMR), we have calculated the
affinity of the ligand for AphB and show that it enhances its ability to activate transcription.
The information gained from this study will allow for the design of potential inhibitor
molecules to block the interaction of AphB and DNA, thus blocking the expression of the
virulence cascade and preventing the progression of cholera.

MATERIALS AND METHODS

Virtual Screening

Molecular docking studies were performed using AutoDock 4.0.1, a molecular docking
program obtained from the Scripps Research Institute.23 The receptor was obtained from the
Protein Data Bank, ID: 3SZP. The Diversity Set library of 3000 molecules obtained from
Life Chemicals Inc. in 2012 was used for screening. The ligands were flexible and the
receptor rigid. AutoDock Tools 1.5.4 was used to add hydrogen atoms and atomic charges to
the receptor and ligands. The grid box was centered on a putative binding pocket identified
from X-ray crystallographic studies with dimensions of 30 x 30 x 30 points with grid point
spacing of 0.375 A. The lowest energy conformations from the screen as well as molecules
with 50% homology were selected for experimental characterization by NMR and purchased
from various vendors through ZINC.docking.org.24

A second grid box was centered on the EBD dimer at (12, —45.8, —27.544) with dimensions
of 80 x 115 x 120 points with grid point spacing of 0.375 A. A docking experiment with
BP-15 was performed on the EBD per the AutoDock protocol.

STD-NMR spectroscopy of the full-length protein

All NMR spectroscopy experiments on full length AphB were performed at 25°C on a 700
Mhz Bruker Avance 111 NMR spectrometer equipped with a 5 mm TCI cryogenic probe.
Water suppression was obtained with excitation sculpting. NMR samples were prepared
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using 5% 99.98% D,0 and contained 300 mM NaCl, 2.7 mM KCI, 10 mM NayHPOy, and
1.8 mM KH5PQy, pH 8.0. Small molecules for screening were dissolved to 200 mM in
DgDMSO and diluted to 200 uM in 700 pL. Samples tested for binding contained 10 pM
AphB. The saturation transfer difference experiment was acquired with the on- and off-
resonance data collected in alternating scans. For the on-resonance experiments, the protein
was saturated at 200 Hz for 4 seconds. The total relaxation delay for each experiment was 8
seconds. Controls in the absence of AphB were collected in the same manner.

Equation 1 shows the calculation for the STD amplification factor (STD-AF). 25 26

Lotr ~ Lat

STD-AF = I
off

X [Ligand Excess]

STD-NMR spectroscopy of N-terminal and C-terminal Constructs

All NMR spectroscopy experiments for the N- and C-terminal constructs were performed on
a Bruker 600Mhz spectrometer equipped with a 1.7 mm TCI cryogenic probe. The N-
terminal and C-terminal constructs of AphB (residues 1-91, and residues 78-291
respectively) were dialyzed into 300 mM NaCl, 2.7 mM KCI, 10 mM NayHPO,, and 1.8
mM KH,POy4, pH 8.0. Protein samples were prepared at 10 uM with 200 pM small molecule
added to a total volume of 700 pL. Binding experiments were performed using a saturation
at 200 Hz for 4 seconds. STD intensities were calculated using equation 1.

STD Build-up curve

All samples with small molecules contained 3-16% Dg-DMSO and 10% D3-Acetonitryl to
assist in solubility. Small molecule concentrations of 57 uM, 113 uM, 200 uM, 438 uM, 800
UM, 1100 uM were confirmed by a 50 uM trimethylsilylpropanoic acid standard, and added
to the protein samples from a concentrated stock solution to minimize dilution effects. All
AphB concentrations for the experiment were 10 uM. Data were obtained at 25°C on a 700
Mhz Bruker Avance 111 NMR spectrometer equipped with a 5mm TCI cryogenic probe.
Saturation times used were 1, 2, 3, and 4 seconds. Data were acquired as described above.
The data STD-AF calculated using equation 1 were plotted against saturation time for each
ligand concentration.

Calculation of Dissociation Constant

The Kp of the reaction was calculated using the STD build-up curve for concentrations of 57
UM, 113 uM, 200 uM, 438 uM, 800 uM, and 1100 uM. Data was plotted and analyzed using
Kalediograph. Once the STD build-up curves for each concentration were plotted, they were
fit to the monoexponential equation 2 seen below as reported by Angulo et al.2”

(ki)
STD-AF,, =STD__ (1-e )

tsat — ax
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Where STDpax is the max obtainable intensity when long saturation times are used, Kyt is
the saturation rate constant, and t is the saturation time. Once the fit was obtained, the STD-
AF, or the extrapolated amplification factor at zero was calculated using equation 3 below.

STD xk_ . =STD — AF,
sat

max 0

STD-AFg was then plotted against ligand concentration to obtain a binding isotherm fit to
equation 4 below.

_ aSTD x [L]

STD—AF0 = W

Purification of AphB

AphB was purified using the IMPACT protein fusion and purification system (New England
Biolabs) described by Kovacikova et al., 2004.11 To purify AphB, the plasmid pWEL218
was transformed into £. coli BL21-Star cells. Overnight cultures were grown from a single
colony. These cultures were diluted 500-fold into ZYM-5052 auto inducing medium
containing 100 pg/ml ampicillin as described by Studier.28 Cells were grown for 26 hours
and resuspended in 1 M NaCl, 20 mM Tris, pH 8.0. Cells were then subjected to sonication
and the spun supernatant applied to a chitin column at 4°C equilibrated with resuspension
buffer. The column was washed with 10 column volumes of resuspension buffer before
beginning overnight cleavage with 20 mM Tris-HCI pH 8.0, 500 mM NaCl and 100 mM
DTT (16-20 hours, 4°C). Protein was eluted with cleavage buffer and concentrated before
loading onto a Superdex 200 hL gel filtration column (GE).

Purification of N- and C-terminal domains of AphB

The region of AphB corresponding to the N-terminus (amino acids M1-G91) was cloned
into the pTXB1 vector generating plasmid pBRT4 and the protein was expressed using the
IMPACT protein fusion and purification as described above. The region corresponding to the
C-terminus of AphB (amino acids M78-Q291) was cloned into the pTXB1 vector generating
plasmid pRD1 and purified using the same method that was used for the N-terminus.

Reporter assay

All V/ cholerae strains used in this study are listed in Supplementary Table 1. Strains were
maintained at —80°C in LB medium in 30% glycerol. All cells used in the reporter assay
were cultured in Luria-Bertani medium (LB) pH 6.5 at 30°C unless otherwise noted. 8-
galactosidase assays with V/ cholerae tcpPH-lacZ fusions were performed after cells grew to
mid-log phase (~3.5 hours).2® Experiments were performed in triplicate. Data was analyzed
with Prism using a one sample t-test.
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Western Blotting

Cell lysates from B-galactosidase assays were loaded into a 16% Tris-glycine gel and
electrophoresis was performed in SDS running buffer. Samples were transferred to a PDVF
membrane per the manufacturer’s protocol (Invitrogen iBlot) and incubated with 3% BSA in
TBST (20 mM Tris, pH 7.5, 150 mM NaCl, 0.5% Tween 20) for 2 hours. The membrane
was washed with TBST and incubated with an antibody against AphB (1:10,000) for 2
hours. Membranes were washed and incubated with a 1:5000 dilution of horseradish
peroxidase-conjugated anti-mouse antibodies for 2 hours. Blots were washed in TBS and
detected using a BioRad ECL kit. Intensities of bands were measured by Kodak Molecular
Imaging software.

RESULTS AND DISCUSSION

Identification of small molecule ligands that bind to AphB

To shed light on whether a ligand is involved in AphB function, we attempted to
computationally identify ligands that influence its activity. A set of 3000 compounds from
the Diversity Set from Life Chemicals was screened against the putative pocket of AphB and
results of the screen were sorted according to the AutoDock 4.0.1 algorithm.22 In order to
test the binding of the compounds identified through the /n silico screen, the top fourteen
commercially available molecules were purchased through ZINC.docking.org for screening
by STD-NMR.24

Compounds BP-1 through BP-14 were tested to determine if in vitro binding to AphB
occurred. Analysis of the spectra showed a difference in the on- and off-resonance intensities
of the peaks, demonstrating binding for 4 of the 14 small molecules identified from the
computational screen (BP-3, BP-7, BP-12, BP-14, shown in Figure 2).

Once binding was identified through STD-NMR, a 50% homology search of these
compounds was performed using the ZINC.docking.org database.?4 This search resulted in
ten more small molecules for screening, which had similar structural motifs that may
promote binding. Most molecules in the second round contained either a sulfonamide or
benzoxazole moiety. Figure 2 shows the structures of the small molecules that bound AphB
from this second round of screening (BP-15, BP-20, BP-21, BP-22).

Small molecule activation of AphB at the tcpPH promoter

AphB is involved in the initiation of transcription of the fcpPH promoter in V. cholerae.
Once produced, TcpP and TcpH are required for the expression of the virulence cascade.10
The level of expression of the fcpPH promoter is dependent on the activity of AphB, and
changes in the fcpPH transcript can provide information about the activity of AphB in vivo.

Of the small molecules identified in the screens, only BP-15 showed a biological effect in V/
cholerae (Figure 3). To determine the effect of BP-15 on the transcriptional activity of
AphB, a B-galactosidase assay was performed under inducing conditions in the classical
biotype strain 0395 containing a chromosomal fusion of the fcpPH promoter to /acZ. As
shown in Figure 3A, addition of increasing amounts of BP-15 enhanced transcription from
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this promoter. Three-fold activation was observed in the presence of 25 uM BP-15,
suggesting that the binding observed by STD-NMR has a biological effect on AphB.
Additionally, the B-galactosidase assay was performed under non-inducing conditions (pH
6.5/37°C, 8.5/30°C, 8.5/37°C). We did not see a greater increase in the expression in the
presence of the compound than we did under inducing conditions (data not shown).

Western blotting experiments show that the levels of AphB are similar in all samples except
for the negative control (Figure 3B), implying that the increase in transcription is due to
increased AphB activity, and not protein levels. The full blot and relative intensity of AphB
in each lane are shown in Supplementary Figure 1. While the observed three-fold activation
of fcpPH by AphB is relatively small, this is the first demonstration of small molecule based
activation of AphB, and provides insight into the mechanism by which a natural activator of
AphB could influence the virulence cascade in V/ cholerae.

Data acquired from STD-NMR experiments show that BP-15 (Figure 4A) has a strong
calculated STD. The difference spectrum indicates the largest effect was in the aromatic
region of the spectra, suggesting that the thiazole moiety is interacting most closely with
AphB (Figure 4C). All % STD values for BP-15 are summarized in Table 1.

The protons from the thiazole ring have a calculated STD of 23.8% and 21.5%. In contrast,
STD observed for the unsaturated ring is lower, with an STD of 19.2-19.5%, and the
aliphatic protons have a STD between 19.2-19.9%. These results suggest that the primary
interaction of BP-15 with AphB occurs at the thiazole ring, possibly augmented by
interactions between the negatively charged oxygen molecules attached to the sulfur group
and the positively charged pocket of AphB (see below).

Small Molecule BP-15 Specifically Binds The C-terminal Regulatory Domain of AphB

To identify the region of AphB that the molecule BP-15 interacts with, and to determine if
the molecule was binding at the previously identified pocket, STD-NMR experiments were
performed separately on the two different domains of the protein. The N-terminal DNA
binding domain (1-91) was screened for binding to BP-15, and showed no interaction with
the DNA binding domain of AphB (Figure 5A and 5B). The C-terminal regulatory domain
(78-291) containing the putative binding pocket was tested under the same conditions, and a
difference spectrum was observed, as shown in Figure 5C. These data suggest that binding
occurs at the regulatory domain, and not at the DNA binding domain.

Small Molecule BP-15 Does Not Appear to Bind in the Putative Ligand Binding Pocket

The X-ray structure of AphB revealed a putative effector-binding pocket containing a
positively charged arginine residue (R262), which was hypothesized to be involved in
effector binding.16 To probe the binding location of BP-15, STD-NMR was performed on
mutants of AphB at R262 where either charge or size of the residue was altered to perturb
binding. Figure 6A-D shows the STD-NMR spectra upon BP-15 binding to the R262W,
R262Q and R262E mutants respectively, with all spectra indicating the binding interaction
remains.
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These data suggest BP-15 is not binding at the putative effector-binding pocket that lies
between RD-I and RD-I1, and suggest AphB has a ligand binding site at a different location,
as observed in the LTTRs BenM, DntR, and TsaR and PcpR.17-19. 30, 31

Ligand Binding Affinity Determined by STD-NMR

Using a method previously reported in the literature??, amplification of the STD effect as
BP-15 was titrated into protein sample was measured, and these data were used to determine
the binding affinity of the activator to AphB. Figure 7 shows the plot of STD-AFj as a
function of ligand concentration. Each point represents an average STD-AF for the 4
aromatic protons that interact with AphB (H,, Hp, Hc, Hg) at each concentration measured.
The dissociation constant of the AphB-activator complex was determined to be in the range
of 324 UM + 146 uM to 398 uM + 114 uM as seen in Table 2.

This binding constant is consistent with the intensity of the difference spectra observed in
Figure 3. The determined Kp by STD-NMR titrations in the micromolar range for BP-15 is
most likely weaker than the natural biological effector for AphB.

Small molecule binding model for BP-15 and AphB

To gain insight into the possible binding site of BP-15, we used AutoDock4 to model its
interactions with AphB. A grid was created that encompassed the entire regulatory domain
dimer of AphB, and BP-15 was docked using AphB as a rigid receptor. The resulting model
predicts BP-15 does not bind in the putative pocket located at the interface of RD-I and RD-
I1, but rather at the dimerization interface (Figure 8).

This result suggests that AphB has a ligand binding pocket that differs from the previously
identified pocket, as has been described for other LTTRs.17~19 This putative pocket is
located at the regulatory domain dimerization interface and contains K103, R104 and R224
from both chains of the dimer, creating a positively charged region on one side of the pocket
as seen by the surface charge representation in Figure 8A. In the AutoDock model, the
guanidino groups of these residues may interact with the negatively charged oxygen
molecules from the sulfone moiety of BP-15. The proximity of R104 to the partially positive
nitrogen of the thiazole ring may also support this interaction. These contacts are consistent
with the STD-NMR data presented in Figure 3C. The hydrophobic cyclohexane ring of
BP-15 extends through the interface of the regulatory domains to a less charged region of the
pocket. The secondary pocket volume is 1622.7 A3 as calculated using the CastP server.32 A
comparison of the locations of the previously identified pocket between RD-1 and RD-II and
the newly identified pocket is shown in Figure 9.

Comparison with other LTTRs

Only a few LTTR structures with inducers bound have been described, and of those
deposited in the PDB it appears that, unlike the primary effector binding sites, the location
and characteristics of secondary effector binding sites are not conserved. For example, TsaR,
which is involved in the degradation of para-toluenesulfonate (TSA) as the sole source of
carbon for Comamonas testosteroni, (PDB: 3FXU) has an amino acid identity of 12.57% in
the regulatory domain when compared to AphB. It is the only full-length LTTR structure
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bound to an effector molecule, and binds TSA at eleven different locations, including the
primary effector-binding pocket between RD-I and RD-II, as well as at the HTH DNA
binding domain and locations outside of the pocket in the regulatory domain.18

The X-ray structure of the regulatory domain of CatM from the soil bacterium Acinetobacter
baylyi ADP1, (PDB ID: 2F7C) shows its effector, ¢/s, cis-muconate, binds to the primary
effector-binding pocket.}” Similarly, BenM from the same bacterium, (PDB ID: 2F78) binds
the same molecule at the equivalent location; however, the structure also reveals a secondary
binding pocket occupied by a benzoate molecule.1” Notably, this secondary effector-binding
pocket is not in the same location as predicted for AphB. Interestingly, while BenM and
CatM both act as transcriptional regulators involved in degradation of aromatic compounds,
benzoate binding has not been observed for CatM. The complexity of the dual-inducer
activation mechanism of some LTTRs is supported by biochemical work by Bundy et al.,
who have demonstrated that BenM responds positively to two different effector molecules.34

DntR (PDB ID: 2Y7K), an LTTR protein involved in the oxidative degradation of 2,4-
dinitrotoluene by Burkholderia sp., binds its effector, salicylate, at the primary site as well as
at a secondary site that differs from both BenM and AphB. Superposition of the apo and
holo X-ray structures shows that a large conformational change occurs upon binding at the
secondary effector site.1”- 19 This finding demonstrates that effector binding to the secondary
site can have an impact on both protein structure and function and supports the physiological
relevance of the site in the function of this LTTR.

The X-ray structure of the regulatory domain PcpR (PDB ID: 4RPN), a protein involved in
regulation of pentachlorophenol degradation in Sphingobium chlorophenolicum, has been
solved to 2.2 A bound to the effector pentachlorophenol (PCP).3! This structure shows PcpR
contains a secondary effector binding pocket at the regulatory domain dimerization
interface, a location similar to that observed for AphB, and both pockets appear to be
important for function.3!

In addition to being activated, LTTRs have also been shown to be inhibited by effector
binding. The X-ray structure of the regulatory domain of AmpR from Citrobacter freundii
was solved bound to its natural repressor ligand, MurNAc pentapeptide, revealing this
inhibitor blocks access of the natural effector to the primary pocket.3> The X-ray structure of
the regulatory domain of PqsR, from Pseudomonas aeruginosa, has also been solved bound
to its inhibitor, 2-nonyl-4-hydroxyquinoline (NHQ), and the structure shows the inhibitory
molecule inserts into a hydrophobic pocket near the primary effector-binding site located in
RD-1.36

It has recently been demonstrated through molecular docking and biological studies that
AphB can be inhibited by binding of the anti-viral drug ribavirin at its primary effector-
binding pocket.3” This study also found that ribavirin inhibited the activity of the LTTR Hrg
in Salmonella Typhi.3” Our discovery of a new binding pocket in AphB suggests there is
likely an additional way to modulate protein function, through the design of an inhibitor that
binds at this location.
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CONCLUSIONS

AphB, involved in the regulation of the virulence cascade of V/ cholerae, is an important
drug target for the mitigation of the disease cholera. This study provides the first example of
ligand-binding event increasing the activity of AphB at the fcpPH promoter and adds to the
understanding of the mechanism of action of AphB at this promoter by demonstrating that
AphB can be activated by a ligand, possibly in a manner similar to how it might respond to a
natural effector. The data presented here suggest that, as has been described for other
LTTRs, AphB has two binding sites. We propose the secondary site is located at the
dimerization interface of the regulatory domain of AphB, as predicted by AutoDock4 and
supported by mutational analysis of the primary effector-binding pocket. Future work will
include mutational analysis of the amino acids at the dimerization interface, including K103
and R104, to observe the effect on both BP-15 binding and /n vivo transcriptional activity.
This demonstration of small molecule activation of AphB provides insight into the
mechanism by which a natural activator of AphB could influence the virulence cascade in V/
cholerae.
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Refer to Web version on PubMed Central for supplementary material.
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RD-I

Figure 1. Crystal Structure of AphB
A) Ribbon structure of the AphB tetramer. Extended subunits are shown in cyan and

magenta and compact subunits are shown in green and yellow (PDB ID: 3SZP). B)
Monomer of the regulatory domain of AphB. The previously identified putative effector-
binding pocket (denoted with an asterisk) is located between RD-1 (cyan) and RD-II
(magenta).16
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Figure 2. Structures of small molecules identified to bind AphB by STD-NMR
Compounds identified by AutoDock screen are denoted with a red asterisk. Compounds

identified through ZINC.docking.org homology search denoted with a green asterisk.
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Figure 3. Compound dependent activation of tcpPH-lacZ. A) From left to right
GK121 (AgphB), KSK618 (Wt fcpPH-lac2), wt with 0.16% DMSO, wt with 2.5 uM BP-15

(P=0.0022), wt with 5 pM BP-15 (P= 0.0007), wt with 10 uM BP-15 (£<0.0001), wt with
25 uM BP-15 (P <0.0001). B) Western blot of showing levels of AphB from p-galactosidase
assay samples. Strains were grown aerobically at 30°C in LB medium pH 6.5. The GK121
AgphB strain represents the basal level of fcpPH-lacZ transcription.
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Figure 4. AphB binds to BP-15, identified through computational screening
A) Structure of BP-15. B) 1D off-resonance STD-NMR spectrum of BP-15. The proton

assignment is indicated by color. C) Difference spectrum between on- and off-resonance
spectra in the presence of BP-15 and AphB. D) Difference spectrum of a compound that

does not bind AphB.
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Figure 5. The regulatory domain of AphB binds BP-15
A) 1D NMR spectrum of BP-15. B) STD-NMR difference spectrum of BP-15 with the DNA

binding domain of AphB (residues 1-91). C) STD-NMR difference spectrum of BP-15 with
the regulatory domain of AphB (residues 78-291).
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Figure 6. Mutations in the primary effector-binding pocket do not affect BP binding
A) STD-NMR off-resonance spectrum of BP-15. B) Difference spectrum of BP-15 binding

R262W mutant of AphB. C) Difference spectrum of BP-15 binding R262Q mutant. D)

Difference spectrum of BP-15 binding R262E mutant.
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Figure 7. STD-NMR increase used to determine the binding constant for BP-15
Average STD-NMR build up curve for aromatic protons of BP-15 at concentrations of 57

UM, 113 pM, 200 pM, 438 pM, 800 puM, and 1100 pM with saturation times of 1, 2, 3, and 4
seconds. Concentrations were determined by comparing the intensity of the 1D NMR
spectra of the ligand to an internal standard.
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Figure 8. Putative Ligand Binding Pocket of AphB
A) Electrostatic surface representation of the regulatory domain of AphB. A pocket is

present at the dimerization interface containing positively charged residues. BP-15 shown in
green. Red represents a negatively charged surface, blue represents a positively charged
surface. B) Ribbon model of the dimerization interface of the regulator domain with BP-15
bound. The tan structure represents one protomer of the regulatory domain dimer, the gray
structure represents the second protomer. C) Close-up view showing the cluster of positively
charged residues surrounding the BP-15 ligand in the proposed secondary binding pocket.
Figures were created with Pymol.30
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RD-II

Figure 9. CastP calculated pocket regions of AphB
Previously identified putative binding pocket in cyan, newly identified binding pocket in

magenta. Figure made with Chimera.33
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Table 1

% STD calculated for individual protons in BP-15.

Proton | % STD | Normalized % STD
H, 238 100%

Hy 215 90%

He 19.5 81%

Hy 19.2 80%

Hf 19.9 83%

Hy 19.7 82%
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Page 23

Summary of Kp for aromatic protons calculated using a STD-NMR build up curve. The STD build-up curve
for each proton was plotted and fit to equation 2. STD- AFg was calculated using equation 3 at each saturation

time and plotted vs. ligand concentration and fit to equation 4.

Proton | KppuM

H, 324 +/- 146
Hp 398 +/- 142
He 372 +/- 118
Hq 398 +/- 114
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