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Multi-drug resistant infections caused by the opportunistic pathogen, Pseudomonas aeruginosa (P. aeruginosa), are
a continuing problem that contribute to morbidity and mortality in immunocompromised hosts such as cystic
fibrosis (CF), wound and burn patients. The bacterial toxin ExoU is one of four potent toxins that P. aeruginosa
secretes into the epithelial cells of hosts. In this study, NMR Saturation Transfer Difference (STD) and in silico
Schrodinger Computational Modeling were used to identify a possible binding site of a novel ligand methoctr-

amine targeting ExoU. Future project goals will be to design a structure activity relationship (SAR) study of
methoctramine and ExoU and lead to a new drug solving ExoU toxicity P. aeruginosa exerts in the clinical

environment.

1. Introduction

Pseudomonas aeruginosa (P. aeruginosa) is an opportunistic
multidrug-resistant pathogen that commonly infects cystic fibrosis, burn
and wound patients [1-3]. P. aeruginosa secretes via a type III secretion
system (T3SS) various effector proteins (ExoS, ExoT, ExoY, ExoU) inside
mammalian host cells; ExoU, is a phospholipase A2 (PLA2) enzyme
activated by host ubiquitin (Ub) and ubiquitinated proteins [4-9]. When
activated, ExoU exerts membrane destructive activity leading to host
cell death [6,7]. Although there are current treatments and studies
identifying polyamines and other antibiotics against P. aeruginosa, there
is currently no drug on the market targeting ExoU [2,10]. The only
current known inhibitor for ExoU includes methyl arachidonoyl fluo-
rophosphate (MAFP), an irreversible and non-selective phospholipase
inhibitor, which is detrimental to all variations of phospholipids.
Because the aim is to discover a ‘drug-like’ ligand small molecule, MAFP
was not considered in this research as it does not match the criteria. The
current X-ray crystallographic structure of ExoU (74 kDa) is incomplete
and lacks a mechanism of activation between ExoU, Ub, and the phos-
pholipid membrane [11]. However, the availability of ExoU-SpcU
complex 1.92A X-ray structure [12] afforded the opportunity to
initiate computational in silico studies that explored possible druggable

ExoU sites. Previous work identified a novel drug specific against ExoU
activation Methoctramine (N,N’-bis(6-aminohexyl)octane-1,8-diamine),
a widely studied muscarinic receptor antagonist [13]. In an initial in-
hibitor screen, methoctramine was shown to inhibit ExoU activity by
82% (data not shown) [13-17]. The next phase of this work involves
repurposing and optimizing the methoctramine scaffold to design a
potent ExoU antagonist.

2. Materials and methods
2.1. Protein expression and purification

P. aeruginosa ExoU WT containing gene in a pET15b plasmid was
expressed in Escherichia coli (E. coli) BL21(DE3)plysS as previously
described [11]. In brief, cells were grown at 37°C and ExoU expression
was induced when cells reached ODggg = 0.8-1.0 with 0.25 mM
ispropyl-1-thiogalactopyranoside (IPTG) at 30°C for 3 h. Cells were
centrifuged and pellets were stored at -80°C. Pellets were resuspended in
20 mL binding buffer A (5 mM imidazole, 300 mM NaCl, 50 mM
NagHPOy, pH 7.0) and 100 pL of protease inhibitor. Sonication was used
to lyse cells (15/45 s on/off) for 3 min on ice; the suspension was
separated via centrifugation at 20,000 rpm for 20 min at 4°C.

Abbreviations: P. aeruginosa, Pseudomonas aeruginosa; E. coli, Escherichia coli; NMR, Nuclear Magnetic Resonance; STD, Saturation Transfer Difference; MES,
Molecular Electrostatic Potential; DPFGSE, Double Pulsed Field Gradient Spin Echo.
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Fig. 1. Cartoon image depicting the functional domains of ExoU; catalytic domain (green), four-helix bundle (dark blue), bridging domain (purple), and ubiquitin
binding domain (light blue). Poses of methoctramine (black) predicted to bind a region between the catalytic domain and four-helix bundle. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

Supernatant was passed through a 1 mL HiTrap TALON column and
ExoU was eluted with buffer B (500 mM imidazole, 300 mM NaCl, 50
mM NayHPO4, pH 7.0). Validation of protein expression and purification
was verified on sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) stained with Coomassie brilliant blue R-250. Eluted
ExoU was concentrated using an Amicon Ultra-15 50-kDa and concen-
tration was determined via a Thermo Scientific NanoDrop 1000 Spec-
trophotometer. Aliquots of concentrated protein were stored at -80°C in
a buffer containing 20% glycerol and 20 mM MOPS, pH 6.8.

2.2. NMR Saturation Transfer Difference (STD)

1D 1H STD-NMR experiments were performed on a Varian 500 MHz
spectrometer at 298 K. Samples consisting of ExoU and methoctramine
were suspended in buffer (10% glycerol, 10% D50, 20 mM MOPS and
150 mM NacCl, pH 6.8). 1D 1H NMR reference spectrum of methoctr-
amine at 250 pM was acquired and a pre-saturation experiment was
performed on 5 pM ExoU and 250 pM methoctramine. Using a Watergate
suppression experiment, the Double Pulsed Field Gradient Spin Echo
(DPFGSE) STD was acquired. FID files were processed and analyzed via
SpinWorks_4 4.0 NMR processing software.

2.3. 1D 1H STD-NMR Kp determination

Samples containing increasing concentrations of methoctramine
were prepared on ice (100 pM, 125 puM, 150 pM, 175 puM, 200 pM, 225
pM, and 250 pM) in a buffer solution containing 5 pM ExoU. After
acquiring a 1D 1H NMR reference spectrum of 300 pM methoctramine,
pre-saturation experiments, Watergate suppression experiments and
saturation transfer experiments were performed on each sample (n = 3).
FID files were processed using SpinWorks_4 4.0 NMR processing soft-
ware and Kp was determined via a Michaelis-Menten Excel Solver
function.

Kp affinity was determined using a Michaelis-Menten Excel Solver
and includes equations (1) and (2).

To — Isat

STD — AF =
Io

L
X P molar ratio (€8]

Equation (1) provides the variation of the STD amplification factor
(STD-AF) with increasing concentrations of methoctramine to ExoU.
Signal intensities of the reference spectra and saturated spectra, I, and
Isat respectively, provides a comparison of STD effects plotted against
methoctramine concentration. STD-AF factors were fitted onto the
Michaelis-Menten function equation (2) and were used for Excel Solver
predicted values of Kp and ,STD:

aSTDIL]

STD — AF =
KD + [L]

(2)

Equation (2) relates STD-AF values to initial velocity (Vo) in the
Michaelis-Menten equation, ,STD portrays the maximum amplification
of the reaction (Vyay) and Kp calculates the concentration of substrate
when STD-AF is equal to 1/2 of the ,STD. Kp and ,STD factors were
determined via solver from Excel.

2.4. Schrodinger Computational Modeling

Protein and ligand preparation, site predictions and initial docking
calculations were conducted using Schrodinger Release 2018-3:
Schrodinger, LLC, New York, NY, 2021. Each task used default settings
unless otherwise mentioned. Protein preparation wizard prepared the
protein for site predictions and docking. This included importing the
ExoU crystal structure (PDB: 3TU3), assigning bond orders, H-bonds,
filled in any missing chains and loops, removed chain A, followed by
restrained minimization using OPLS3e force field [18]. Similarly,
methoctramine was prepared using Schrodinger’s LigPrep tool to
generate 3D low energy conformations of the ligand and any possible
ionized states at physiological pH [19].
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Fig. 2. Methoctramine interaction at the C-terminal domain of ExoU. (A) Methoctramine (black) located in a buried cavity of the C-terminus of ExoU (electrostatic
model). (B) Methoctramine ligand interaction diagram within the C-terminal region with a predicted binding score of -11.806 kcal mol'. Predicted sites of
interaction include E607, E408, E596, L638, A603.
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Fig. 3. ExoU and methoctramine 1D STD-NMR (A) 1D STD-NMR spectra at pH 6.8. top: 1D 1H NMR reference spectrum of 250 pM methoctramine, bottom: 1D 1H
STD-NMR spectru of 5 pM ExoU and 250 pM methoctramine. Signals relating to aromatic proton (6.9 and 7.2 ppm) and hydrocarbon signals (1.2 and 1.9 ppm) are
indicated by the red outlined box. (3B) ExoU and methoctramine Kp 1D 1H STD-NMR titration spectra. Spectra order from top: 1D 1H NMR reference spectrum of
300 pM methoctramine, bottom: 1D 1H STD-NMR spectrum of 5 pM ExoU and increasing methoctramine concentrations (100-250 pM). (3C) STD amplification
factors observed (blue) and predicted from equation (1) plotted as a function of methoctramine concentration. STD amplification factors (equation (1)) and estimated
Kp and aSTD values from equation (2) respective to methoctramine concentration as determined with solver from Excel. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)
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SiteMap [20] was used to explore possible druggable binding sites of
ExoU. The prepared methoctramine conformations were then docked,
using Glide XP [21] in the top 10 identified sites. SiteMap ranks iden-
tified sites using SiteScore and Dscore functions, which both consider
size, solvent accessibility, and the hydrophobic/philic nature of the site
[20,22]. The ligand with the top ranked docking score that predicts the
lowest binding affinity is being considered for further analysis and
experimental validation (Fig. 4).

3. Results and discussion
3.1. Schrodinger Computational Modeling

The functional domains of ExoU include the catalytic domain, four
helix bundle, bridging domain and ubiquitin binding domains [23]
(Fig. 1). Although in vitro studies have revealed multiple regions of the
protein that may contribute to its cytotoxic quality [12,24,25], there are
limited reports, with the exception of phospholipase A2 enzyme in-
hibitors [26,27], of small molecules that bind those regions resulting in
loss of cytotoxicity of ExoU, making drug discovery challenging. We
employed the Schrodinger SiteMap tool to identify potential binding
sites of methoctramine to ExoU. The top ranked site in which
methoctramine was docked aligns and corresponds to the C-terminus
region, green surface between the four-helix bundle and catalytic
domain (Fig. 1). This region was previously reported to result in
diminished cytotoxicity upon multiple amino acid insertions or sub-
stitutions within the region (600-687) and would explain the cytotox-
icity inhibition exhibited by methoctramine [12,25,28].

Within the buried cavity of the C-terminal domain there are areas
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Fig. 4. Druggable sites of ExoU. Top four possible
druggable sites of ExoU (ribbon model) represented
as surface model colored cyan, magenta, dark blue
and orange surfaces respectively. The highest pre-
dicted binding affinity site of methoctramine from
docking was the cyan region with the highest Dscore
of 1.034799 and volume of 3908.142. The Dscore
takes into account the size if the site, the degree of
enclosure of the site isolated from the solvent and a
hydrophilic penalty [20-22]. (For interpretation of
the references to color in this figure legend, the
reader is referred to the Web version of this article.)

that exhibit a variable charge distribution represented by the molecular
electrostatic potential (MEP) surface. The red and blue surfaces corre-
spond to electronegative and electropositive regions (Fig. 2). The MEP
surface depicts charge and shape complementarity evidenced by a pre-
dicted binding score of -11.806 kcal mol~*. The presence of positively
charged protonated amines on methoctramine allows for multiple salt
bridge and H-bond interactions (E408, E596 and E607) of ExoU C-ter-
minus (Fig. 2B). One amine group makes H-bond interactions with the
backbone of L638 and R639, as well as, A603 and V604 (Fig. 2B).

3.2. Validating methoctramine binding to ExoU by NMR spectroscopy

We use NMR spectroscopy to investigate the interaction between
ExoU and methoctramine. 1D 1H STD-NMR experiments are resourceful
tools for validating potential binding activity between a protein and
ligand while identifying the dissociation constant (Kp). In STD-NMR
experiments, magnetization is transferred from the macromolecule at
a specific irradiation frequency. The transfer of magnetization results in
peaks seen from the ligand in the STD-NMR spectrum, indicating a
positive result of interaction between methoctramine and ExoU. The
STD-NMR experiments resulted in artifacts that display a transfer of
magnetization from ExoU to methoctramine, indicative of an interaction
between the protein and ligand. When comparing the reference spec-
trum of methoctramine to the DPFGSE STD spectrum containing both
methoctramine and ExoU, aromatic group and hydrocarbon proton
signals are observed in both spectra with identical chemical shifts. Ar-
omatic proton signals are observed at 6.9 and 7.2 ppm, whereas the
hydrocarbon signals can be seen at 1.2 and 1.9 ppm, suggesting
magnetization transfer (Fig. 3A). Intense signals from the buffer solvents
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can also be observed due to ExoU buffer requirements (Fig. 3A and B).
The observation of increasing STD-AF factors in correspondence to
higher concentrations of methoctramine further suggests an interaction
between ExoU and methoctramine. An aromatic signal at 8.3 ppm
indicative of methoctramine was highlighted and increasing STD-AF
factors of these signals were studied throughout the titration-based
experiment (Fig. 3B and C). While noise from excess buffer re-
quirements are seen as intense peaks at ~6.5 ppm, intensities of artifacts
indicating ligand alkyl protons can be traced through the stacked spectra
for an observable STD effect (Fig. 3B). The predicted ,STD factors sug-
gest ExoU receptors (specific or nonspecific) to be saturated at concen-
trations above a ligand:protein ratio of (100 pM:5 pM) due to the decay
of aSTD factors in comparison to increasing methoctramine concentra-
tions. The average Kp of methoctramine and ExoU was determined to be
13 + 1 pM L ™! and fits within the range of 10 ®mol S~ to 10 > mol S,
a binding sensitivity threshold recommended for STD experiments.
STD-NMR experiments are one of many robust bioanalytical instru-
mentation methods for determining potential binding activity, as used in
this research for detecting an interaction between ExoU and methoctr-
amine. Successful STD-NMR spectra of 5 pM ExoU and 250 pM
methoctramine indicated binding activity between the protein and
ligand and supports the hypothesis of methoctramine as a potential
precursor to an ExoU small molecule inhibitor. Determination of Kp
occurred via a relation of STD-AF signals suggesting binding of ligand
protons to an enzyme kinetic relationship of the Michaelis-Menten
equation, leading to the prediction of 13 + 1 pM L™}, a value within
the binding affinity sensitivity threshold for such experiments (Fig. 3C).
The weak binding affinity from the predicted Kp supports the artifacts
seen in (Fig. 3A) suggesting an interaction between methoctramine and
ExoU. Future studies to both validate the binding site (Fig. 4) and
optimize the structure of methoctramine will include the systematic and
rational design of methoctramine analogs from which we can determine
structure activity relationship of this structural class. The design of an-
alogs will be guided by structured-based computational modeling.
Simultaneously, we will use the methoctramine library of analogs as
chemical probes to validate our predicted binding site.Future applica-
tions from this research includes in vitro hit-to-lead validation of the
highlighted novel hit ligand methoctramine in order to investigate
binding location and mechanisms for this potential ExoU inhibitor.
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