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Abstract

New therapeutic targets are required to combat multidrug resistant infections, such as the iron-
regulated heme oxygenase (HemO) of Pseudomonas aeruginosa, due to links between iron and
virulence and dependence on heme as an iron source during infection. Herein we report the
synthesis and activity of a series of iminoguanidine-based inhibitors of HemO. Compound 23
showed a binding affinity of 5.7 uM and an MICsq of 52.3 pg/mL against 2 aeruginosa PAOL. An
in cellulo activity assay was developed by coupling HemO activity to a biliverdin-1Xa-dependent
infrared fluorescent protein, in which compound 23 showed an EC5q of 11.3 uM. The compounds
showed increased activity against clinical isolates of P aeruginosa, further confirming the target
pathway. This class of inhibitors acts by binding to an allosteric site; the novel binding site is
proposed in silico and supported by saturation transfer difference (STD) NMR as well as by
hydrogen exchange mass spectrometry (HXMS).
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Since the introduction of antimicrobials into the clinic, resistant strains of pathogenic
microbes have developed rapidly regardless of the mechanism of action of the drug class.!
The major approved antimicrobial drug classes target essential bacterial cell functions
including cell wall formation,? protein synthesis,® and DNA synthesis.# Targeting such
essential cellular processes places the bacterial cell under significant selective pressure to
acquire mutations, accelerating the development of drug resistance.>:6 To combat the decline
in viable antibiotics and growing antimicrobial resistance, an alternative hypothesis suggests
targeting virulence factors that are not required for survival but are essential for pathogenesis
within the host. Potential antivirulence targets include quorum sensing,’ secretion systems,8
and production of exotoxins and biofilms.? Inhibition of these virulence factors would
render pathogens less infectious while preventing the stress for survival that leads to
resistance.10-13

Iron is an essential micronutrient for survival and patho-genesis of almost all bacterial
pathogens and is tightly regulated by the iron-regulatory protein Fur.14-16 Gram-negative
bacteria acquire iron via secretion and uptake of high-affinity iron chelators called
siderophores. Previous research in the area of antivirulence development focuses on the
inhibition of siderophore-mediated iron-uptake;1’~19 while initial therapies proved
ineffective at inhibiting iron availability, current “Trojan horse” strategies using
siderophore—p-lactam conjugates show improved uptake and antimicrobial activity in a wide
range of Gram-negative pathogens.2-22 Although these compounds achieve cellular uptake,
they rely on chelated ferric iron to promote active transport. As a result, these compounds
would prove ineffective against pathogens that may have adopted to utilize ferrous iron
and/or heme as a primary iron source within the host.

P, aeruginosa, a common nosocomial and drug-resistant pathogen, encodes a well-defined
heme uptake and utilization system including the outer-membrane receptor PhuR, the
periplasmic transfer protein PhuT, the inner membrane ABC transporter complex PhuUV,
and the cytoplasmic chaperone PhuS.23:24 Heme uptake concludes with the oxidative
cleavage of heme by the iron-regulated heme oxygenase (HemO), releasing Fe3*, CO(g), and
B- and &-biliverdin.2® The importance of heme utilization by chronic infections of £
aeruginosa has been validated by recent studies showing that during chronic infection of the
lung longitudinal clonal isolates adapt to become more efficient at heme uptake.2%
Furthermore, genetic analyses of isolates from patients with chronic lung infection have
identified mutations within the promoter of the PhuR transporter that upregulate its
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expression.?” Additionally, we have recently shown in a PAO1 AemO deletion strain that a
catalytically active HemO is required to drive heme flux into the cell.28 Taken together, the
experimental evidence suggests that HemO represents a viable target for the development of
antivirulants targeting £, aeruginosa.

Previous work in the Wilks lab has explored HemO as a target for inhibiting heme
utilization. Multiple scaffolds have been identified via a virtual screen that produced
compounds with inhibitory activity both in vitro and in vivo,?? including the iminoguanidine
compound 1 (Table 1).39 In addition to a modest binding affinity for HemO (31.2 uM) and
antimicrobial activity against 2 aeruginosa (MICsq = 250 pg/mL), compound 1 also
exhibited curing activity in a Caenorhabditis elegans infection model.3° Iminoguanidines
have found application in a number of therapeutic agents. For example, iminoguanidine-
based a-2 agonist guanabenz (Figure 1) is approved by the FDA for the treatment of
hypertension;3! another iminoguanidine-containing compound, semapimod, has been
developed as an anti-inflammatory and antiparasitic agent.32-34 Iminoguanidines have also
been evaluated for their biological activities in different areas including anticoagulation,3°
pain management,3% cancer therapy,3” and management of alcohol dependence.38 Current
work explores inhibitory and antimicrobial activities of iminoguanidines (analogues of 1)
and their activities in clinical isolates of £ aeruginosa. Further, binding modes of analogues
of 1 are suggested by in silico methodologies and experimentally validated structure—activity
relationships are confirmed through saturation transfer difference (STD) NMR and
hydrogen— deuterium exchange mass spectrometry (HXMS).

RESULTS AND DISCUSSION

Chemical Synthesis

Target compounds 1-25 (Table 1) were synthesized using a one-step condensation reaction
(Scheme 1) of aminoguanidine hydrochloride and selected benzaldehyde derivatives. The
products were isolated as hydrochloride salts. Although synthesis of compound 1 was
reported as early as 1933,3% more recent methodologies perform the reaction in refluxing
methanol followed by filtration, resulting in a monosalt and reducing the appearance of the
reported biguanide side product.4° This reaction provides good yields for most aromatic
substitutions, but product may be lost upon filtration for more lipophilic compounds such as
compounds 22-25.

Computational Analysis by Site Identification by Ligand Competitive Saturation (SILCS)
and Docking Studies

In order to instruct future inhibitor design, HemO was modeled using SILCS.#! Fragment
maps, or FragMaps, which represent the binding affinity pattern of functional groups with
the entire protein surface, were generated based on MD simulations of HemO in aqueous
solution containing a variety of small organic solutes, such as benzene, propane, and
methanol. As shown in Figure 2, when contoured at grid free energy (GFE) cutoffs of —1.2
kcal/mol, regions of significant affinity for functional group binding can be seen both in the
heme-binding pocket and on the back side of the HemO. Probes of high hydrophilicity, as
indicated by hydrogen-bond donor and acceptor maps, show fewer areas of favorable
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binding compared to their hydrophobic counterparts. The heme-binding pocket shows two
distinct binding areas for hydrophobic compounds, one of which overlaps with the binding
areas previously suggested for small molecules by NMR shifts.30 This area contains the
catalytic site where the a-meso carbon of heme is hydroxylated and later removed as CO
during the degradation of heme. The second site near Trp-158 suggests a small area
appropriate for binding inhibitors; while this small site might be sampled by inhibitors, as
also suggested by previous NMR studies showing perturbations of Phe-117 and Val-118,30
the utility for further inhibitor design is limited based on its small size. Another site of
interest appears near Arg-188 and Trp-115 (Figure 2, right). The area of this potential
alternative pocket suggests an alternative and previously unexplored mode of binding to
HemO and modulation of HemO activity. The apolar FragMap highlights the high
hydrophobic character of compounds that could bind to that site, and the nearby salt bridge
between Arg-188 and Asp-99 suggests areas of hydrogen bonding or electrostatic
interactions for polar moieties, such as the iminoguanidyl group present in compounds 1-25.

In order to further examine the ability of the compounds to bind to the proposed allosteric
site of HemO, compounds 1- 25 were docked onto both the heme-binding site and the
allosteric site using the Monte Carlo site identification by ligand competitive saturation
(MC-SILCS) protocol.*2 Figure 3 shows the predicted binding orientation of compound 23,
as well as overlap with selected FragMaps for both the heme-binding site (upper right) and
the allosteric site (upper left). Overlap with the FragMaps in the heme-binding pocket is
poor, while strong overlap in the allosteric site indicates preferred binding at the putative
site. Overlap of the aromatic ring and isopropy! groups with the apolar FragMaps and of the
guanidinium moiety with the positive FragMaps show these moieties to make favorable
contributions to binding in the site. The preference for the putative site is quantified by the
ligand-grid free energy (LGFE) scores of the ligands calculated for both the heme-binding
site and the allosteric site (Figure 3, center). All compounds except compound 24 are
predicted to have greater affinity for the allosteric site over the heme-binding pocket.
Additionally, when the ligand efficiencies (LE, the LGFE divided by the number of non-
hydrogen atoms) are calculated for the ligands in both sites, all compounds except
compound 24 are again predicted to interact more favorably with the allosteric site (Figure 3,
bottom). Compound 24 also shows the least efficient binding, suggesting a lack of
substantial contributions from its benzyloxy substitution. Validation of these computational
results will provide additional evidence of an alternative interaction with HemO instead of
competitive inhibition at the heme-binding pocket as previously proposed.

Binding Studies by Fluorescence and STD NMR

Inhibitors 1-25 were tested for binding to HemO by intrinsic fluorescence quenching, as
performed previously.29 Optical interference in these measurements due to high absorptivity
of the inhibitors around 250-350 nm was corrected as suggested using experimentally
determined extinction coefficients.*3 As shown in Table 1, all compounds showed binding
affinities between 4 and 20 pM regardless of aromatic substitution, except for compounds
17, 18, 21, and 24, which exhibited small-molecule fluorescence that interfered with the
assay. Previous STD NMR studies3? suggested that aromatic protons contributed most to the
inhibitor—-HemO interaction; however all mono- and disubstituted compounds tested showed
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similar binding by fluorescence quenching. If the compounds bind in the active site cavity
and given the relatively larger size of heme, the native substrate, it was predicted that
substitutions allowing for more van der Waals contacts or aromatic stacking interactions
(compounds 17-24) would show increased binding affinity compared to compound 1.
Without any observed increase or decrease in binding affinity caused by aromatic
substitution, it can be assumed that an alternative binding mode contributes to the binding of
these compounds to HemO.

In order to further study this series of compounds with regard to binding mode, analysis of
direct interaction between select compounds and HemO was performed by STD NMR.30
Selected compounds included those containing hydrophilic or lipophilic substitutions and
individually resolved protons (9, 12, and 17) as well as the largest substitution, compound
24. Integration of the difference peaks allows for comparison of relative magnetization
transfer, and therefore degree of interaction, of each proton with HemO (Figure 4).
Compound 12 (part A) appears to interact most strongly at the paraposition of the benzyl
ring, and the relative interaction decreases around the ring to the benzylimine proton at 59%
that of the para-proton. However, compounds 9, 17, and 24 (parts B, C, and D, respectively)
display the strongest interaction at the benzylimine proton. Compounds 9 and 17 both show
good interactions with the aromatic protons, with equal relative interaction at the meta-
position of compound 9 to the benzylimine proton. Additionally, the methoxy protons of
compound 17 show much less interaction with HemO than the aromatic protons, much like
the A-methyl protons of compound 1.3% The largest compound, 24, contains two sets of
aromatic protons with overlapping signals that cannot be resolved. The two unique signals,
for the benzylimine proton and the para-position proton, show the largest relative
interactions at 100% and 82%, respectively. The methylene protons could not be detected
due to the Watergate pulse sequence used to reduce the background water signal. Still, the
available relative interactions suggest that the benzylimine ring interacts more directly with
HemO than the benzyloxy ring, much like the other compounds studied in this series. Little
change in both binding affinity and interaction via STD NMR for all compounds regardless
of substitution(s) suggests that the compounds are not interacting in the heme-binding
pocket, as previously proposed. The variety of functional groups in compounds 1-25, chosen
for their hydrogen bonding, lipophilic, or steric properties, should interact differently with
the mostly hydrophobic heme-binding pocket of HemO. If instead the iminoguanidy!l
moieties of the compounds contribute a majority of the interaction with HemO, then any
sufficiently tolerated aromatic substitution will allow the compound to bind and give the
results seen in Table 1, as well as the lack of substitution contributions to binding by STD
NMR seen in Figure 3. The additional benzyloxy ring of compound 24 could also make
contacts with the secondary binding area in the heme-binding site, increasing its preference
for the heme-binding site over the allosteric site. These SILCS and docking studies propose
an allosteric site of binding that matches the relatively flat SAR suggested by binding and
STD NMR studies while also matching the NMR data previously shown upon binding of
compound 1 to HemO in which residues Arg-188 and Trp-115 are significantly shifted.30
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HXMS of HemO with Selected Compounds

We further investigated the interaction of compounds 1 and 22 by HXMS. Peptide coverage
following hydrogen—deuterium exchange and pepsin digestion was approximately 98% with
7-fold redundancy (Figure S1 in Supporting Information). HXMS, in addition to providing
confirmation of the ligand binding site on reduced hydrogen exchange, can also give insight
on the global effects of ligand binding that may include deuteration enhancement.*4
Observation of increased deuterium exchange is often a result of ligand binding causing
unfavorable structural change in the protein. As previously observed by chemical shift
perturbations of apo-HemO on binding of compound 1, the surface loop containing Asp-99,
which forms a salt bridge with Arg-188 and the helices packing over the distal helix
(residues 76—84 and 92-102), shows reduced hydrogen exchange indicative of protection
upon compound binding (Figure S2). The data are consistent with the SILCS analysis and
previous STD NMR that compound 1 most likely binds at an alternative hydrophobic site on
the protein surface.

Interestingly, compound 1 in holo-HemO shows differences in hydrogen exchange within
several of the same regions but where the overall effect is to increase hydrogen exchange
within the distal helices (Figure 5). Much of the same hydrogen exchange profile on holo-
HemO is also seen with compound 22 (Figure 6), whereas little-to-no change in hydrogen
exchange is seen with compound 22 on apo-HemO. These data agree with the alternative
binding site identified by SILCS and the compounds’ proposed preferences for binding to
the allosteric site, marked by the signification protection of peptide 53-62. Further, the
protection of this peptide compared to holo-HemO shows interactions with HemO when the
heme site is occupied, pointing again to the allosteric binding site. The addition of lipophilic
groups in compounds 20-24 showed an overall improvement across the spectrum of
biological assays suggesting these inhibitors are causing global effects on protein stability.
Extended interaction of the lipophilic substituents with the hydrophobic pocket may perturb
the binding pocket adjacent to the salt bridge. Although we cannot be certain that the
iminoguanidine group disrupts the salt bridge, mutation of either Asp-99 or Arg-188 results
in a similar pattern of hydrogen exchange (data not shown), highlighting the importance of
this region in maintaining structural integrity and enzymatic activity. The binding of ligands
to the allosteric site appears to “loosen up” the distal pocket, which possibly results in
disruption of the hydrogen bond network critical in stabilizing the activated oxygen
intermediate required for initial hydroxylation of the heme.4°

In Cellulo HemO Inhibitory Activity of Compounds

In order to assess the abilities of compounds 1-25 to inhibit the activity of HemO, it was
necessary to develop a new, high-throughput assay. Current methods for measuring HO
catalytic activity rely on spectroscopic measurements of bilirubin.#6 As the Gram-negative
HemO enzymes do not release biliverdin to eukaryotic biliverdin reductase enzymes, it is not
possible to perform multiple turnover reactions in vitro. Instead, inspired by the work with
bacterial phytochromes by Filonov4’ and Shu,*8 an in cellulo system coexpressing HemO
and an engineered infrared fluorescent protein (IFP) was developed to assay inhibition of
HemO activity in bacterial cells. The advantages of the assay are several including (i) a
measure of the ability of the compounds to cross the bacterial cell membrane, (ii) ability to
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inhibit HemO activity, and (iii) lack of toxicity to £. coli cells that do not require a HemO
for survival. Inhibition of HemO activity prevents the formation of biliverdin, which is
measured spectrophotometrically as a decrease in fluorescence of the biliverdin-dependent
IFP1.4. The in cellulo assay was optimized so that expression of IFP1.4 is not rate limiting
(Figure S3A) and a linear range of fluorescence is obtained (Figure S3B). Utilizing the in
cellulo assay, the concentration-dependent inhibition of HemO was measured for compound
1 as a function of decreased fluorescence over time, corrected for ODggg to account for
differences in growth (Figure S3B). In addition the in cellulo assay provides a mechanism to
screen out inhibitors with nonspecific cell toxicity versus HemO inhibitory activity, an
important consideration for developing inhibitors specific to the invading pathogen versus
the host microbial flora. We confirmed the concentration-dependent inhibition of HemO by
compound 1 was not a consequence of cell toxicity (the cells grew at a similar rate when
treated with compound 1) by microscopic analysis of the untreated and treated cultures
(Figure 7). For routine screening of HemO inhibition the assay was adapted to a 96-well
plate format and the fluorescence emission at 700 nm measured at mid log phase (16 h). The
ECgq for the compounds was calculated as described in the methods, and the ECs values for
compounds 1-25 are shown in Table 1.

Unlike the binding constants, the ECsq data comprise a wide range from 11.9 uM up to >200
UM, the highest concentration tested. Generally, more lipophilic compounds showed
increased potency compared to the parent compound 1, while more hydrophilic compounds
showed decreased potency. In addition to the change in polarity of the various functional
groups tested, the position on the benzylidene ring also contributed to potency. For example,
compounds 5 and 6 show potent inhibition with chloro substitutions on the 2" and 3’
positions, whereas compound 7, the 4’-chloro substitution, shows inhibition similar to
parent compound 1. Potency is restored with the 3”,4” disubstituted compound 8. The
reverse trend is seen in the hydroxyl substituted compounds. Compounds 13 and 14,
substituted at the 3" and 4" positions, respectively, show poor potency (>200 uM), whereas
the 2" substituted compound 12 maintains activity similar to the parent compound 1. The
inhibitory activity of compound 12 in contrast to 13 and 14 may be due to an internal
hydrogen bond between the hydroxyl substituent and the imine nitrogen from the
iminoguanidine moiety of 12, masking its hydrophilic character and increasing its ability to
cross the Gram-negative cell membrane. Inhibitory activity is further increased in compound
16 with an additional bromo substitution at the 3" position. Thus, the in cellulo assay allows
a rapid ranking of compounds based on inhibitory activity and the ability to cross the Gram-
negative cell membrane, confirming earlier data showing reduced biliverdin levels in HemO
overexpressing £. coli treated with compound 1.2°

Antimicrobial Activity of Compounds

Compounds 1-25 were tested for antimicrobial activity against PAOL, a laboratory strain of
P, aeruginosa, as well as JSRI-1 and JSRI-2, longitudinal clinical isolates of 2 aeruginosa
from a cystic fibrosis patient.2 The minimum inhibitory concentration for 50% growth
(MICgp) showed great variation depending upon the substitutions of the aromatic ring as
shown in Table 3. Generally, increased lipophilicity led to more potent inhibition of growth,
as exemplified by compounds 20-24, whereas increased hydrophilicity (13-15) greatly

J Med Chem. Author manuscript; available in PMC 2016 October 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heinzl et al.

Page 8

reduced the compounds’ abilities to inhibit growth. Compounds 12 and 16 showed moderate
activity, much like in the in cellulo assay shown in Table 1. Halogen substitutions showed
mildly increased activity, and the dichloro-substituted inhibitor 8 showed equal potency to
the lipophilic compounds 20-24. The relationship between MICsq and lipophilicity (as
determined by log Ao/w)) for these compounds is shown in Figure 8. Correlations are seen
indicating that physical properties of the compounds related to membrane permeability
affecting MICg, as well as ECsg, are more important for activity than the in vitro binding
affinities given the weak correlation between Kp and MICx.

Following MICsq growth conditions, new cultures were inoculated to classify growth
inhibition as bacteriostatic or bactericidal. Compounds with the best activity against growth
via MICgq were also shown to act in a bactericidal manner, as growth was not recovered
upon greater than 1000-fold dilution of culture into new media. Again, compounds 8 and
20-24 showed the most potent bactericidal activity. Further, most compounds showed higher
potency against the JSRI-2 isolate, which was previously shown to more efficiently utilize
heme as an iron source,2% as well as being more resistant to antibiotics such as tobramycin
and gentamycin. While bactericidal activity was not anticipated from these compounds,
increased activity against the JSRI isolates versus PAO1 supports their targeting the heme
utilization pathway and shows sustained activity in otherwise resistant strains.

CONCLUSIONS

Various analogues of iminoguanidine 1 were explored computationally, synthesized, tested
for binding to HemO, and tested for antimicrobial activity. Although little differences were
seen in binding by fluorescence and STD NMR for many of the compounds, structure—
activity relationships for this series were drawn from a combination of SAR methods with in
cellulo activity and antimicrobial assays. From this series, compound 23 showed the most
improved overall activity, with a binding affinity of 5.7 uM, an ECgq of 11.3 pM, and an
MICsg of 52.3 pg/mL against PAOL. Unfortunately the pulses used in STD NMR do not
allow for analysis of compound 23 due to its upfield isopropyl group. Compound 23 should
demonstrate good selectivity for HemO over a.-2 adrenergic receptors according to the
known structure—activity relationship of the a.-2 adrenergic agonists.*® Nguyen and co-
workers report that a-2 adrenergic activity is maintained only with the 2,6"-dicholoro
substitution found in guanabenz (see Figure 1) and altered chloro substitutions abrogate
agonistic activity.*? It was also seen that more lipophilic compounds 20-24 proved more
active against all strains of £ aeruginosathan the hydrophilic compounds 13-15, which
correlates well with their inhibitory activity in the £. coli IFP assay. Correlations shown in
Figure 8 confirm the greater role of lipophilicity and cell membrane permeability than
binding affinity for in vivo activity. Additionally, many compounds displayed increased
activity against the clinical isolates JSRI-1 and JSRI-2, which were previously characterized
as highly efficient heme-utilizing strains.

A somewhat unexpected result was the relative insensitivity of the Kp values to the different
functional groups, with the maximum and minimum affinities of 4.8 and 21 pM obtained,
respectively. Consistent with the Kp values, the LGFE scores were also relatively insensitive
to the studied modifications as seen in Figure 3. To understand the molecular origins of this
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phenomenon, the LGFE scores determined for the allosteric site were partitioned into the
contributions of different moieties in the ligands, based on the sum of the atom-GFE scores
for each moiety. The allosteric-site analysis is shown in Table 2 for selected compounds.
Results show that the sum of the GFEs for the phenyl and guanidinium groups becomes less
favorable as the GFE contribution of the substituent becomes more favorable. This indicates
a situation in which favorable interactions of the substituents lead to less favorable
interactions of the parent phenyl and guanidinium moieties. With compound 20, the LGFE
score is significantly more favorable; however, when the ligand efficiencies are extracted
from the LGFE by dividing by the number of non-hydrogen atoms, the ligand efficiency of
compound 20 falls in the range of the other compounds. This indicates that the more
favorable LGFE is an artifact of the SILCS method associated with the large size of the
substituent. Thus, the similarity of the affinities is indicated to be due to a “push—pull”
mechanism where favorable interactions of the substituents lead to less favorable
interactions of the parent compound moieties, yielding a flat SAR profile.

Structure—activity relationships from chemical shift perturbation NMR and HXMS studies,
together with the computational SILCS methodology, suggested a novel allosteric binding
site from the active site for compounds 1-25. This new binding site comprises a shallow
hydrophobic cleft formed by the two helices running along the backside of the distal helix,
which are further stabilized by a salt bridge formed between Asp-99 and Arg-188. The lack
of improvement in binding affinities of the various compounds is consistent with a push-pull
mechanism in the binding site. However, as shown by HXMS, it is possible to expand on the
inhibitory activity of 1 by generating back side instability of HemO upon binding to the
pocket adjacent to the Asp-99/Arg-188 salt bridge, as demonstrated by compound 22.
Consistent with the proposed binding of the inhibitors to the newly identified allosteric site,
we have recently shown that mutation of either Asp-99 or Arg-188 to an Ala results in
poorly active HemO mutants when overexpressed in £. coli (data not shown). Finally, the
alternative binding site is unique to the bacterial HemO providing for selectivity against the
human HO-1 and HO-2 enzymes.

EXPERIMENTAL SECTION

General Procedures

All reagents and solvents were of analytical grade and used without further purification.
NMR spectra were obtained on a Varian INOVA 400 MHz NMR spectrometer at 25 °C.
Chemical shifts are reported as & values (parts per million) using the residual solvent peak as
an internal reference. Data for 1TH NMR are reported in the following order: chemical shift,
multiplicity (s, singlet; d, doublet; t, triplet; sept, septuplet; dd, double doublet; dt, double
triplet; m, multiplet), number of protons, coupling constant (Hz). Data for 13C NMR are
reported as & values (parts per million). UV spectra were obtained on a Nanodrop 2000c
spectrophotometer. High-resolution mass spectra (HRMS) were obtained on a JEOL
AccuTOF with ESI/APCI ion sources coupled to an Agilent 1100 HPLC system. HPLC
analysis was performed on a Shimazdu HPLC fitted with a C-18 reversed-phase column
(Phenomenex, 4.6 mm x 250 mm) with a flow rate of 0.5 mL/min using CH30H-H,0 3:1
with 0.1% NH4OAc mobile phase. The purity of final products are >95%.
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General Procedure for the Synthesis of Compounds 1-25

To a solution of aminoguanidine hydrochloride (110 mg, 1.0 mmol) in methanol (5 mL) was
added the corresponding benzaldehyde (1.1 mmol). Solution was heated to reflux and stirred
for 6 h. Solvent was evaporated. Residue was stirred in CH,Cl, (20 mL) and filtered.

Precipitate was washed with additional CH,Cl, (50 mL) to generate the desired product.

(E)-2-(4-(Dimethylamino)benzylidene)hydrazine-carboximidamide Hydrochloride (1)
Yield, 80%; mp 216-217 °C. *H NMR (DMSO-a) 6 2.93 (s, 6H), 6.68 (d, 2H, J= 8.8 Hz),
7.60 (d, 2H, J=8.0 Hz), 7.96 (s, 1H), 11.56 (s, 1H). 13C NMR (DMSO-g): 111.4, 120.5,
128.8, 147.4, 151.6, 155.0. UV Amax (log €) 346 (4.47). HRMS (ESI) m/z. calculated
206.1400 for [C1gH1gN5]™, found 206.1404. HPLC analysis: retention time = 7.82 min; peak
area, 99.9%; eluent A, CH30H; eluent B, NH4OAc solution (0.1%); isocratic (3:1) over 60
min with a flow rate of 0.5 mL/min and detection at 254 nm.

(E)-2-(2-Fluorobenzylidene)hydrazinecarboximidamide Hydrochloride (2)

Yield, 86%; mp 193-195 °C. 1H NMR (DMSO-a) & 7.29 (m, 2H), 7.52 (dt, 1H, J; = 6.8
Hz, J = 6.4 Hz), 8.23 (t, 1H, J= 7.6 Hz), 8.39 (s, 1H), 12.17 (s, 1H). 13C NMR (DMSO-d):
115.8, 116.0, 124.7, 127.0, 132.4, 132.5, 139.3, 155.3, 174.8. UV Anax (log €) 273 (4.45).
HRMS (ESI) my/z: calculated 181.0884 for [CgH1oFN4]*, found 181.0891. HPLC analysis:
retention time = 7.70 min; peak area, 98.8%; eluent A, CH30H; eluent B, NH,OAc solution
(0.1%); isocratic (3:1) over 60 min with a flow rate of 0.5 mL/min and detection at 254 nm.

(E)-2-(3-Fluorobenzylidene)hydrazinecarboximidamide Hydrochloride (3)

Yield, 77%; mp 202—203 °C. 'H NMR (DMSO-a) 6 7.28 (dd, 1H, ; =8.4 Hz, 5 =1.6
Hz), 7.49 (q, 1H, J= 6.4 Hz), 7.61 (d, 1H, J= 7.6 Hz), 7.85 (d, 1H, /=10 Hz), 8.19 (s, 1H),
11.87 (s, 1H). 13C NMR (DMSO-a): 113.4, 113.6, 117.6, 117.9, 125.0, 131.2, 131.3, 136.3,
136.3, 146.0, 155.6, 161.6, 164.1. UV Amax (log &) 278 (4.56). HRMS (ESI) m/z: calculated
181.0884 for [CgH1gFN4]*, found 181.0898. HPLC analysis: retention time = 7.86 min;
peak area, 98.9%; eluent A, CH30H; eluent B, NH4OAc solution (0.1%); isocratic (3:1)
over 60 min with a flow rate of 0.5 mL/min and detection at 254 nm.

(E)-2-(4-Fluorobenzylidene)hydrazinecarboximidamide Hydrochloride (4)

Yield, 49%; mp 195-197 °C. IH NMR (DMSO-a) & 7.26 (¢ 2H, J= 8.8 Hz), 7.91 (dt, 2H,
4 =5.6 Hz, b = 2.8 Hz), 8.14 (s, 1H), 12.03 (s, 1H). 13C NMR (DMSO-g): 116.3, 130.4,
146.0, 155.9, 162.6, 165.0. UV Anax (log €) 277 (4.50). HRMS (ESI) m/z. calculated
181.0884 for [CgH1gFN4]*, found 181.0894. HPLC analysis: retention time = 7.91 min;
peak area, 98.2%; eluent A, CH30H; eluent B, NH4OAc solution (0.1%); isocratic (3:1)
over 60 min with a flow rate of 0.5 mL/min and detection at 254 nm.

(E)-2-(2-Chlorobenzylidene)hydrazinecarboximidamide Hydrochloride (5)

Yield, 72%; mp 198-200 °C. IH NMR (DMSO-d5) & 7.42 (dt, 2H, /4, = 20.4 Hz, J,= 1.2
Hz), 7.50 (d, 1H, J= 6.8 Hz), 8.27 (d, 1H, J= 7.2 Hz), 8.52 (s, 1H), 12.26 (s, 1H). 13C NMR
(DMSO-ak): 127.9, 128.1, 130.3, 131.1, 132.4, 133.7, 143.1, 155.7. UV Apmax (10g €) 279
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(4.56). HRMS (ESI) m/z: calculated 197.0589 for [CgH1oCIN4]*, found 197.0596. HPLC
analysis: retention time = 8.61 min; peak area, 97.6%; eluent A, CH30H; eluent B, NH4,OAc
solution (0.1%); isocratic (3:1) over 60 min with a flow rate of 0.5 mL/min and detection at
254 nm.

(E)-2-(3-Chlorobenzylidene)hydrazinecarboximidamide Hydrochloride (6)

Yield, 73%; mp 227-229 °C. IH NMR (DMSO-dg) 6 7.49 (m, 2H), 7.77 (d, 1H, J= 7.6 Hz),
8.10 (s, 1H), 8.18 (s, 1H), 12.18 (s, 1H). 13C NMR (DMSO-a): 126.8, 127.3, 130.5, 131.0,
134.2, 136.1, 145.6, 155.9. UV Amax (log &) 277 (4.57). HRMS (ESI) m/z: calculated
197.0589 for [CgH1gCIN,4]*, found 197.0602. HPLC analysis: retention time = 9.23 min;
peak area, 98.3%; eluent A, CH30H; eluent B, NH4OAc solution (0.1%); isocratic (3:1)
over 60 min with a flow rate of 0.5 mL/min and detection at 254 nm.

(E)-2-(4-Chlorobenzylidene)hydrazinecarboximidamide Hydrochloride (7)

Yield, 21%; mp 146-149 °C. IH NMR (DMSO-d) 6 7.53 (d, 2H, J=8.4 Hz), 7.91 (d, 2H, J
=9.2 Hz), 8.16 (s, 1H), 11.86 (s, 1H). 13C NMR (DMSO-a): 128.7, 129.2, 132.3, 134.9,
145.4, 155.3. UV A (log €) 285 (4.53). HRMS (ESI) m/z. calculated 197.0589 for
[CgH10CIN4]*, found 197.0593. HPLC analysis: retention time = 9.42 min; peak area,
96.0%); eluent A, CH30H; eluent B, NH4OAc solution (0.1%); isocratic (3:1) over 60 min
with a flow rate of 0.5 mL/min and detection at 254 nm.

(E)-2-(3,4-Dichlorobenzylidene)hydrazinecarboximidamide Hydrochloride (8)

Yield, 58%; mp 221-223 °C. IH NMR (DMSO-a) & 7.84 (dd, 1H, J; =8.4 Hz, » = 1.6
Hz), 8.17 (s, 1H), 8.29 (d, 1H, J= 0.8 Hz), 12.27 (s, 1H). 13C NMR (DMSO-d): 128.0,
128.6, 130.9, 131.8, 132.6, 134.3, 144.1, 155.5, 159.1. UV Amax (l0g &) 286 (4.47). HRMS
(ESI) m/z: calculated 231.0199 for [CgHgCloN4]*, found 231.0206. HPLC analysis:
retention time = 12.86 min; peak area, 95.0%; eluent A, CH30H; eluent B, NH4,OAc
solution (0.1%); isocratic (3:1) over 60 min with a flow rate of 0.5 mL/min and detection at
254 nm.

(E)-2-(2-Bromobenzylidene)hydrazinecarboximidamide Hydrochloride (9)

Yield, 52%; mp 220-221 °C. IH NMR (DMSO-dg) 6 7.39 (t, 1H, J= 7.6 Hz), 7.46 (t, 1H, J
=8.0 Hz), 7.69 (d, 1H, J= 8.0 Hz), 8.26 (d, 1H, J= 7.6 Hz), 8.52 (s, 1H), 12.12 (s, 1H). 13C
NMR (DMSO-g): 124.1, 125.5, 128.4, 132.4, 132.7, 133.5, 145.7, 155.5. UV Anax (l0g €)
281 (4.56). HRMS (ESI) my/z: calculated 241.0083 for [CgH1oBrN4]*, found 241.0087.
HPLC analysis: retention time = 9.31 min; peak area, 99.9%; eluent A, CH30H; eluent B,
NH4O0ACc solution (0.1%); isocratic (3:1) over 60 min with a flow rate of 0.5 mL/min and
detection at 254 nm.

(E)-2-(3-Bromobenzylidene)hydrazinecarboximidamide Hydrochloride (10)

Yield, 81%; mp 225-229 °C. 'H NMR (DMSO-d4) 6 7.39 (t, 1H, J= 7.2 Hz), 7.62 (d, 1H, J
=8.0 Hz), 7.79 (d, 1H, J= 8.0 Hz), 8.14 (s, 1H), 8.22 (s, 1H), 12.10 (s, 1H). 13C NMR
(DMSO-dg): 122.7,127.7,129.7, 131.2, 133.4, 136.3, 145.6, 155.9. UV Anax (log €) 281
(4.56). HRMS (ESI) m/z: calculated 241.0083 for [CgH10BrN,4]*, found 241.0080. HPLC
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analysis: retention time = 9.61 min; peak area, 99.0%; eluent A, CH30H; eluent B, NH4,OACc
solution (0.1%); isocratic (3:1) over 60 min with a flow rate of 0.5 mL/min and detection at
254 nm.

(E)-2-(4-Bromobenzylidene)hydrazinecarboximidamide Hydrochloride (11)

Yield, 60%; mp 156-159 °C. 'H NMR (DMSO-a) & 7.61 (d, 2H, J= 8.0 Hz), 7.79 (d, 2H, J
= 8.8 Hz), 8.11 (s, 1H), 8.74 (s, 1H), 12.06 (s, 1H). 13C NMR (DMSO-a): 129.9, 132.1,
133.2, 146.0, 155.8, 159.5. UV Amax (log €) 285 (4.53). HRMS (ESI) m/z. calculated
241.0083 for [CgH1gBrN4]*, found 241.0088. HPLC analysis: retention time = 9.84 min;
peak area, 99.9%; eluent A, CH30OH; eluent B, NH4OAC solution (0.1%); isocratic (3:1)

over 60 min with a flow rate of 0.5 mL/min and detection at 254 nm.

(E)-2-(2-Hydroxybenzylidene)hydrazinecarboximidamide Hydrochloride (12)

Yield, 69%; mp 226-228 °C. 'H NMR (DMSO-a) 6 6.82 (t, 1H, J= 7.2 Hz), 6.91 (d, 1H, J
=8.4Hz),7.23(t, 1H, J=7.2 Hz), 7.93 (d, 1H, J=7.6 HZz), 8.41 (s, 1H), 10.14 (s, 1H),
11.94 (s, 1H). 13C NMR (DMSO-a): 116.6, 119.6, 120.0, 127.1, 132.3, 143.8, 155.6, 157.0.
UV Amax (log €) 276 (4.50). HRMS (ESI) m/z: calculated 179.0927 for [CgH11N4O]*,
found 179.0930. HPLC analysis: retention time = 10.24 min; peak area, 99.9%; eluent A,
CH30H; eluent B, NH4OAC solution (0.1%); isocratic (3:1) over 60 min with a flow rate of
0.5 mL/min and detection at 254 nm.

(E)-2-(3-Hydroxybenzylidene)hydrazinecarboximidamide Hydrochloride (13)

Yield, 35%; mp 153-156 °C. IH NMR (DMSO-d) 6 6.88 (t, 1H, J= 8.0 Hz), 7.24 (m, 3H),
8.08 (d, 1H, J= 2.4 Hz), 9.71 (d, 1H, J= 3.2 Hz), 11.99 (s, 1H). 13C NMR (DMSO-d):
114.5, 118.1, 119.0, 130.1, 135.1, 147.5, 155.8, 158.1, 159.5. UV Amax (l0g €) 277 (4.41).
HRMS (ESI) m/z: calculated 179.0927 for [CgH11N4O]*, found 179.0929. HPLC analysis:
retention time = 6.69 min; peak area, 99.9%; eluent A, CH30H; eluent B, NH,OAc solution
(0.1%); isocratic (3:1) over 60 min with a flow rate of 0.5 mL/min and detection at 254 nm.

(E)-2-(4-Hydroxybenzylidene)hydrazinecarboximidamide Hydrochloride (14)

Yield, 83%; mp 251-253 °C. IH NMR (DMSO-a) & 6.79 (d, 2H, J= 8.0 Hz), 7.64 (d, 2H, J
= 8.4 Hz), 8.01 (s, 1H), 10.03 (s, 1H), 11.68 (s, 1H). 13C NMR (DMSO-a): 116.0, 124.8,
129.8, 147.5, 155.6, 160.3. UV Anax (log €) 287 (4.58). HRMS (ESI) m/z. calculated
179.0927 for [CgH11N4O]", found 179.0933. HPLC analysis: retention time = 6.52 min;
peak area, 99.3%; eluent A, CH30H; eluent B, NH4OAc solution (0.1%); isocratic (3:1)

over 60 min with a flow rate of 0.5 mL/min and detection at 254 nm.

(E)-2-(3,5-Dihydroxybenzylidene)hydrazine-carboximidamide Hydrochloride (15)
Yield, 45%; mp 258-260 °C. IH NMR (DMSO-d) 6 6.40 (s, 1H), 6.68 (d, 2H, J= 1.6 Hz),
7.98 (s, 1H), 9.52 (s, 2H), 11.89 (s, 1H). 13C NMR (DMSO-a): 105.4, 106.2, 135.4, 148.0,
155.7, 159.0, 159.5. UV Aqax (log ) 286 (4.50). HRMS (ESI) m/z: calculated 195.0877 for
[CsH11N402]*, found 195.0878. HPLC analysis: retention time = 6.25 min; peak area,
99.4%); eluent A, CH30H; eluent B, NH4OAc solution (0.1%); isocratic (3:1) over 60 min
with a flow rate of 0.5 mL/min and detection at 254 nm.
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(E)-2-(3-Bromo-2-hydroxybenzylidene)hydrazine-carboximidamide Hydrochloride (16)
Yield, 74%; mp 263-265 °C. 'H NMR (DMSO-a) 6 6.89 (t, 1H, J= 7.6 Hz), 7.62 (d, 1H, J
=8.0 Hz), 7.83 (d, 2H, J= 8.0 Hz), 8.43 (s, 1H), 9.94 (s, 1H), 12.13 (s, 1H). 13C NMR
(DMSO-dg): 111.8,121.4,121.8, 128.2, 134.8, 145.4, 152.6, 155.1. UV Anax (log €) 282
(4.55). HRMS (ESI) m/z: calculated 257.0032 for [CgH1oBrN4O]*, found 257.0030. HPLC
analysis: retention time = 8.81 min; peak area, 99.9%; eluent A, CH30H; eluent B, NH4OAc
solution (0.1%); isocratic (3:1) over 60 min with a flow rate of 0.5 mL/min and detection at
254 nm.

(E)-2-(2-Methoxybenzylidene)hydrazinecarboximidamide Hydrochloride (17)

Yield, 85%; mp 244-246 °C. IH NMR (DMSO-a) & 3.86 (s, 3H), 7.01 (t, 1H, J= 6.8 Hz),
7.11(d, 1H, J=8.4 Hz), 7.44 (t, 1H, J= 8.0 Hz), 8.09 (d, 1H, J= 7.2 HZz), 8.47 (s, 1H),
12.08 (s, 1H). 13C NMR (DMSO-d): 55.7, 111.8, 120.6, 121.2, 126.3, 132.1, 142.0, 155.3,
157.7. UV Amax (log €) 276 (4.52). HRMS (ESI) my/z: calculated 193.1084 for
[CoH13N4O]*, found 193.1095. HPLC analysis: retention time = 7.75 min; peak area,
99.9%; eluent A, CH30H; eluent B, NH4OAc solution (0.1%); isocratic (3:1) over 60 min
with a flow rate of 0.5 mL/min and detection at 254 nm.

(E)-2-(3-Methoxybenzylidene)hydrazinecarboximidamide Hydrochloride (18)

Yield, 99%; mp 135-138 °C. IH NMR (DMSO-ds) 6 3.80 (s, 3H), 7.03 (t, 1H, J= 6.8 Hz),
7.37 (d, 2H, J= 4.8 Hz), 7.48 (s, 1H), 8.14 (s, 1H), 11.70 (s, 1H). 13C NMR (DMSO-d):
55.8,112.1,117.1, 121.2, 130.3, 135.1, 147.4, 155.5, 160.0. UV A4 (log €) 278 (4.57).
HRMS (ESI) m/z: calculated 193.1084 for [CoH13N4O]*, found 193.1093. HPLC analysis:
retention time = 7.88 min; peak area, 97.8%; eluent A, CH30H; eluent B, NH4OAc solution
(0.1%); isocratic (3:1) over 60 min with a flow rate of 0.5 mL/min and detection at 254 nm.

(E)-2-(4-Methoxybenzylidene)hydrazinecarboximidamide Hydrochloride (19)

Yield, 79%; mp 79-81 °C. IH NMR (DMSO-a) & 3.80 (s, 3H), 7.00 (d, 2H, J= 8.8 Hz),
7.79 (d, 2H, J= 8.4 Hz), 8.11 (s, 1H), 11.60 (s, 1H). 13C NMR (DMSO-g): 55.8, 114.6,
126.3, 129.7, 147.3, 155.5, 161.6. UV Ay (log €) 287 (4.56). HRMS (ESI) m/z: calculated
193.1084 for [CgH13N40O]", found 193.1090. HPLC analysis: retention time = 7.56 min;
peak area, 99.9%.

(E)-2-(Naphthalen-1-ylmethylene)hydrazine-carboximidamide Hydrochloride (20)

Yield, 46%; mp 153-154 °C. IH NMR (DMSO-dg) 6 7.65 (m, 3H), 8.04 (m, 2H), 8.24 (d,
1H, J= 6.8 Hz), 8.45 (d, 1H, J= 8.4 Hz), 9.01 (s, 1H), 12.05 (s, 1H). 13C NMR (DMSO-a):
123.6,125.9, 126.7, 127.1, 127.6, 127.9, 129.0, 129.3, 130.8, 131.4, 133.8, 146.2, 155.7,
159.5. UV Apmay (log &) 320 (4.23). HRMS (ESI) m/z: calculated 213.1135 for [C1oH13N4]*,
found 213.1139. HPLC analysis: retention time = 10.22 min; peak area, 99.9%; eluent A,
CH30H; eluent B, NH4OAC solution (0.1%); isocratic (3:1) over 60 min with a flow rate of
0.5 mL/min and detection at 254 nm.
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(E)-2-(Naphthalen-2-yImethylene)hydrazine-carboximidamide Hydrochloride (21)

Yield, 74%; mp 237-241 °C. 'H NMR (DMSO-a) & 7.58 (m, 2H), 7.96 (m, 3H), 8.20 (m,
2H), 8.34 (s, 1H), 12.13 (s, 1H). 13C NMR (DMSO-a): 123.0, 126.8, 127.4, 127.8, 128.3,
128.4,129.5, 131.2, 132.7, 133.9, 146.8, 155.4, 159.1. UV Ay (log &) 270 (4.55). HRMS
(ESI) m/z: calculated 213.1135 for [C1oH13N4]*, found 213.1136. HPLC analysis: retention
time = 10.26 min; peak area 95.3%; eluent A, CH30H; eluent B, NH4OAc solution (0.1%);
isocratic (3:1) over 60 min with a flow rate of 0.5 mL/min and detection at 254 nm.

(E)-2-([1,1’-Biphenyl]-4-ylmethylene)hydrazine-carboximidamide Hydrochloride (22)

Yield, 40%; mp 179-182 °C. 'H NMR (DMSO-ag) 6 7.41 (m, 2H), 7.50 (t, 2H, J= 8.0 Hz),
7.61 (t, 3H, J= 8.0 Hz), 7.97 (d, 2H, J= 8.0 Hz), 8.24 (s, 1H), 12.13 (s, 1H). 13C NMR
(DMSO-a): 126.4, 126.7, 126.8, 126.9, 127.1, 128.0, 128.2, 129.0, 129.0, 132.6, 141.9,
146.3, 155.4, 159.1. UV Anax (log €) 302 (4.42). HRMS (ESI) m/z: calculated 213.1291 for
[C14aH15N4]*, found 213.1296. HPLC analysis: retention time = 11.79 min; peak area,
97.9%); eluent A, CH30H; eluent B, NH4OAc solution (0.1%); isocratic (3:1) over 60 min
with a flow rate of 0.5 mL/min and detection at 254 nm.

(E)-2-(4-1sopropylbenzylidene)hydrazinecarboximidamide Hydrochloride (23)

Yield, 20%; mp 116-121 °C. IH NMR (DMSO-a) & 1.21 (d, 7H, J= 6.8 Hz), 2.92 (sept, 1
H, J=6.8 Hz), 7.32 (d, 2H, J= 8.0 Hz), 7.77 (d, 2H, J= 8.0 Hz), 8.13 (s, 1H), 11.88 (s,

1H). 13C NMR (DMSO-a): 23.6, 33.4, 126.7, 127.7, 131.1, 146.9, 151.2, 155.3. UV Amax
(log e) 284 (4.67). HRMS (ESI) m/z: calculated 205.1448 for [C11H17N,4]*, found 205.1457.
HPLC analysis: retention time = 11.98 min; peak area, 96.0%; eluent A, CH30H; eluent B,
NH4OAC solution (0.1%); isocratic (3:1) over 60 min with a flow rate of 0.5 mL/min and
detection at 254 nm.

(E)-2-(3-(Benzyloxy)benzylidene)hydrazinecarboximidamide Hydrochloride (24)

Yield, 37%; mp 170-172. 'H NMR (DMSO-ds) & 5.15 (s, 2H), 7.10 (m, 1H), 7.39 (m, 4H),
7.48 (m, 2H), 7.63 (s, 1H), 8.14 (s, 1H), 8.77 (s, 1H), 12.00 (s, 1H). 13C NMR (DMSO-a):
69.4,112.6, 117.2, 121.0, 128.0, 128.5, 129.8, 134.8, 136.8, 146.6, 155.4, 158.7. UV Anax
(log e) 278 (4.35). HRMS (ESI) m/z: calculated 269.1397 for [C15H17N4O]*, found
269.1401. HPLC analysis: retention time = 12.37 min; peak area, 99.9%; eluent A, CH30H;
eluent B, NH4OAc solution (0.1%); isocratic (3:1) over 60 min with a flow rate of 0.5
mL/min and detection at 254 nm.

(E)-2-(4-Nitrobenzylidene)hydrazinecarboximidamide Hydrochloride (25)

Yield, 34%; mp 243-247 °C. *H NMR (DMSO-d;) 6 8.12 (d, 2H, J= 8.8 Hz), 8.25 (m, 3H),
12.35 (s, 1H). 13C NMR (DMSO-d): 124.2, 129.0, 140.2, 144.9, 148.5, 156.0. UV Anmax
(log e) 315 (4.46). HRMS (ESI) m/z: calculated 208.0829 for [CgH1oN505]*, found
208.0835. HPLC analysis: retention time = 7.82 min; peak area, 99.8%; eluent A, CH3OH;
eluent B, NH4OAc solution (0.1%); isocratic (3:1) over 60 min with a flow rate of 0.5
mL/min and detection at 254 nm.
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Protein Purification

P, aeruginosa HemO was purified as previously reported with slight modification.®? Protein
was bound to a Q Sepharose Fast Flow column (2.5 cm x 6 cm) equilibrated with 20 mM
tris (pH 8.0), 50 mM NaCl, and 50 mM 1,3-diaminopropane (DAP). Residual biliverdin was
retained on the column, and apoprotein was eluted with a 50-250 mM NacCl gradient. Apo-
HemO fractions (determined by SDS-PAGE) were pooled and dialyzed against 20 mM Tris-
HCI (pH 8.0).

Determining Binding Affinities (Kp) by Intrinsic Fluorescence Quenching

Fluorescence experiments were performed on a Synergy H1 hybrid microplate reader using
flat-bottom black 96-well plates. Protein concentration was 1 uM HemO in 20 mM Tris-HCI
(pH 8.0). Compounds were dissolved in DMSO, and final concentrations ranged from 0.5 to
1000 uM. Solutions were excited at 295 nm, and emission spectra were recorded from 300
to 400 nm. Decrease in maximum emission (332 nm) was corrected using experimentally
determined extinction coefficients for each compound.*3 Binding was determined using eq 1
and fit to a one-site binding model.

STD NMR. Preparation of samples and collection of STD spectra were conducted as
previously reported with slight modifications.3? Briefly, to a 950 L solution of 50 mM
sodium phosphate (pH = 7.4) in D,0 was added 50 L of desired compound dissolved in
DMSO-a; and 10 pL of purified HemO such that final concentration of HemO was between
3 and 5 uM. After 4 h incubation at room temperature the mixture was centrifuged at 6000g
for 3 min to remove residual precipitate. After preparation of 600 uL sample was added 3 uL
of 50 mM 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) dissolved in D,O as internal
standard.

In Cellulo Activity Assay

We have developed an £. coli cell based assay for the measurement of HemO activity. The
assay is based on the coexpression of a HemO mutant with biliverdin-1Xa regioselectivity
and the IFP1.4.48 £, coliBL21 (DE3) cells were transformed with pET28a expressing IFP
1.4 and pBAD expressing HemO. Cells were plated on LB-agar containing 30 ug/mL
kanamycin and 15 pg/mL tetracycline. A single colony was used to inoculate a 25 mL
culture of LB medium containing 30 ug/mL kanamycin and 15 pg/mL tetracycline. The
culture was incubated with shaking (200 rpm) at 37 °C overnight and used to inoculate a
fresh culture treated to a final ODggg of 0.1. Cultures were further incubated until reaching
an ODgqg = 0.7 at which point IFP 1.4 expression was induced with IPTG (final
concentration 1 mM). The HemO and IFP 1.4 proteins were allowed to express at 25 °C
induced with 0.02% arabinose (uninduced wells were used for negative control) and
aliquoted (200 pL) in 96-well plates. Wells were treated with 0.5-200 pM compound (in a
final concentration 1% DMSO) or 1% DMSO in the positive control. Cultures were
incubated at 25 °C for 16 h following which the ODgqg and fluorescence (ex 630, em 700)
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were measured on a Synergy H1 hybrid microplate reader. Background fluorescence in the
absence of HemO expression was measured as 0% HemO activity (negative control).
Maximum fluorescence on expression of HemO was considered 100% activity (positive
control). The percent inhibition was calculated using eq 2 following correction of the
fluorescence intensity as a function of ODgqg.

Finnibitor — Foggactivity

percent inhibition=100 x
FlOO%activity - FO%activity (2)

The ECg for each compound was calculated from the concentration-dependent curve at
50% fluorescence inhibition. Fluorescence images of live bacteria were obtained on a Nikon
eclipse Ti fluorescence microscope using NIS-Elements. Cells were imaged through a 100%
objective by phase contrast and through a Cys5 filter for detection of near-infrared emissions
from the biliverdin-1FP1.4 chromophore.

Growth Inhibition Assay

SILCS

P, aeruginosa growth inhibition was conducted as previously described. Briefly, a culture (25
mL) of each strain was grown from a freshly plated colony for 8-12 h at 37 °C in LB
medium. Cultures were diluted back to an ODggq of 0.05 and aliquoted into 96-well plates
(200 pL) in either LB medium alone or containing 8—1000 pug/mL of compound. The ODggq
was measured following 12 h of growth on a Synergy H1 hybrid microplate reader and
subtracted from LB media containing 50 pg/mL gentamycin to prevent bacterial growth.
MICsgq values were calculated from the average of three experiments as previously
described. Cultures from wells containing 62.5-1000 pg/mL of compound were used to
inoculate fresh cultures in 5 mL of LB medium. Cultures were grown for 12 h, and the
lowest concentration that showed no growth by measurement of ODgqg was considered to be
the minimum bactericidal concentration (MBC).

SILCS is a novel computer-aided drug design (CADD) protocol that uses all-atom explicit-
solvent molecular dynamics (MD) simulations that include small organic solutes, such as
benzene, propane, methanol, and others, to identify spatial functional-group binding patterns
on the target. Benefiting from the use of explicit solvent MD, SILCS intrinsically
incorporates target flexibility and desolvation effects and has more advantages over other
CADD methods which usually only consider limited target flexibility and desolvation
effects.

The current SILCS run was performed using the new grand canonical Monte Carlo
(GCMC)/MD protocol for SILCS. Compared to the MD-alone technique, the GCMC/MD
protocol has the benefit of quickly targeting occluded pockets and decreasing the false
binding pattern caused by low fragment exchange rate at specific positions.52 The protein
structure in the complex crystal structure (PDB code 1SK7) was used to initialize the SILCS
simulation with removal of cofactors such as heme and sulfate ions. The protein structure
was processed by Reduce®3 to determine the most physical protonation state of histidine
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residues and optimal side chain orientations of asparagine and glutamine residues. The
protein was solvated in a water box, the size of which is determined to have the protein
extrema separated from the box edge by 12 A on all sides. Eight representative solutes with
different chemical functionalities (benzene, propane, acetaldehyde, methanol, formamide,
imidazole, acetate, and methylammonium) were added into the system at ~0.25 M
concentration, to probe the functional group requirements of the protein.

Ten such systems with different initial fragment positions were created to expedite the
convergence of the simulations. Each system was minimized for 5000 steps with the steepest
descent (SD) algorithm®# in the presence of periodic boundary conditions (PBC) and was
followed by a 250 ps MD equilibration. During SILCS simulations, weak restraints were
applied on the backbone Ca carbon atoms with a force constant (kin % k&x2) of 0.12 kcal
mol~1 A=1 to prevent the rotation of the protein in the simulation box. Ten GCMC/ MD
simulations were run for 100 cycles where each cycle has 200 000 steps of GCMC and 0.5
ns of MD, yielding a cumulative 200 million steps of GCMC and 500 ns of MD. During
GCMC, solutes and water are exchanged between their gas-phase reservoirs; the simulation
system and the excess chemical potential used to drive such exchange are periodically
fluctuated over every 3 cycles to yield the average value to be close to the hydration free
energy of that fragment. The configuration at the end of each GCMC run is used as the
starting configuration for the following MD. During MD, the Nosé-Hoover method?526 was
used to maintain the temperature at 298 K, and pressure was maintained at 1 bar using the
Parrinello-Rahman barostat.>” CHARMMS36 protein force field,>® CHARMM general force
field (CGenFF),>9:60 and modified TIP3P water model® were used to describe protein,
fragments, and water during the simulation, respectively. GCMC was performed by in-house
code, and MD was conducted using GROMACS program.52

FragMaps Preparation and Ligand Docking

3D probability distributions of the selected atoms from the small molecules, called
“FragMaps”, from the SILCS simulations were constructed and combined to obtain both
specific and generic FragMap types as previously described.4! Atoms from snapshot outputs
every 10 ps from each SILCS simulation trajectory were binned into 1Ax1Ax1A cubic
volume elements (voxels) of a grid spanning the entire system to acquire the voxel
occupancy for each FragMap atom type being counted. The voxel occupancies computed in
the presence of the protein were divided by the value in bulk to obtain a normalized
probability. Normalized distributions were then converted to GFE based on a Boltzmann
transformation for quantitative use.

Ligand docking was conducted under the Monte Carlo based SILCS (MC-SILCS)
framework for both the heme binding site and the allosteric site.*1 The MC sampling was
guided by LGFE, which is the summation of the GFE contributions of the classified ligand
atoms in a molecule, and it represents the overlap of the functional groups in a molecule
with corresponding types of FragMaps. Five independent MC-SILCS runs were performed
for each ligand and each run was repeated in two-step cycles. The first step of each cycle is
10 000 Metropolis MC steps that sample a wide range of different binding poses, and the
second step is 40 000 steps of MC simulated annealing (SA) slow cooling designed to find a
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local minimum on the LGFE surface. The initial ligand conformation is randomized by
randomly adjusting the torsion angels around all single bonds in the molecule, and its
potential energy was checked to ensure that unphysical conformations are rejected. CGenFF
was used to describe the ligands during the MC-SILCS simulations. The generated
conformation was then placed at the desired binding site with a randomized orientation, and
its LGFE was checked to remove bad starting orientations. The five MC SILCS runs
involved repeated MC cycles that were repeated until the best three LGFE scores were with
0.5 kcal/mol, with a minimum of 50 cycles performed. The docking pose with the most
favorable LGFE was reported as the predicted binding mode.

Deuterium exchange reactions were performed as described by Chen et al. (2007).62 HemO
protein samples were prepared by diluting the protein to a final concentration of 100 uM
with 20 mM HEPES buffer in H,O (pH 7.4). Deuterium exchange was initiated by diluting
the HemO protein 50-fold with 20 mM HEPES buffer in DO (pD 7.4, deuteration buffer) at
23 °C. 100 pmol of protein was removed from the reaction at 0 s, 10 min, and 30 min, and
the deuteration reaction was immediately quenched by lowering the pH to 2.5 with ice-cold
HCI. Quenched samples were frozen on dry ice prior to analysis.

For reactions containing holo-HemO, the heme required for 95% saturation was estimated
using a Kp of 1 uM. 100 uM apo-HemO was reconstituted with 114 uM heme during the
sample preparation, and heme was added to the deuteration buffer to a final concentration of
21 uM. For reactions of inhibitor bound HemO, the inhibitor (1 or 22) required for 95%
binding was estimated using a Kp of 10 pM. Apo- or holo-HemO was incubated with 285
UM inhibitor during the sample preparation, and the inhibitor was added to the deuteration
buffer to a final concentration of 192 uM.

Quenched samples were thawed and immediately injected into a nanoACQUITY UPLC
system with HDX manager (Waters). The protein was digested online at 10 °C using an
Enzymate BEH pepsin column (2.1 mm x 30 mm, Waters) in 1 min. The digest was trapped
and desalted online on an ACQUITY Vanguard BEH C18 precolumn (2.1 mm x 5 mm,
Waters) at 0 °C for 4 min at a flow rate of 125 uL/ min in 0.1% formic acid. Peptides were
separated on an ACQUITY UPLC BEH C18 column (1.7 um, 1 mm x 100 mm, Waters) at

0 °C by a 15 min linear acetonitrile gradient (5-50%) with 0.1% formic acid at a flow rate of
40 pL/min. The eluent was directed into the ion source of a coupled SYNAPT G2 HDMS
mass spectrometer (Waters). Mass spectra were acquired in the MSE mode over the /2
range of 50-2000. Mass spectrometer parameters were as follows: electrospray ionization
positive (ESI+) mode, capillary voltage 3 kV, collision energy 20-30 eV, sampling cone
voltage 30 V, source temperature 80 °C, desolvation temperature 175 °C, and desolvation
gas flow 500 L/ h. To generate a peptide list for ion search, 100 pmol of undeuterated protein
in 2 mM HCI in H,0 was injected. The undeuterated peptides were identified using Waters
ProteinLynx Global Server software. The peptide list generated was imported into Waters
DynamX software to guide the search of deuterated peptides, and the relative deuterium
incorporation levels for each deuterated peptide were calculated using the 0 s sample as
reference.
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CHARMM chemistry at Harvard molecular mechanics
GCMC grand canonical Monte Carlo

GFE grid free energy

HemO heme oxygenase

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

HO human heme oxygenase

HXMS hydrogen—deuterium exchange mass spectrometry
IFP infrared fluorescent protein

LB Luria—Bertani

LGFE ligand-grid free energy

MBC minimum bactericidal concentration

MICgg minimum inhibitory concentration for 50% growth
PBC periodic boundary conditions

SA simulated annealing

SD steepest descent

SDS-PAGE sodium dodecyl sulfate—polyacrylamide gel electrophoresis
SILCS site identification by ligand competitive saturation
STD NMR saturation transfer difference nuclear magnetic resonance

UPLC ultra-performance liquid chromatography
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Figure 1.

Molecular structures of guanabenz, an FDA-approved compound for the treatment of
hypertension, and semapimod, an investigational compound with anti-inflammatory and
antiparasitic properties. Both compounds contain the iminoguanidine moiety found in 1 and
its analogues.
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(b)

Figure 2.
Fragment maps from SILCS. Potential small-molecule binding sites of HemO are identified

in silico using small molecule probes. Apolar, hydrogen bond donor and acceptor, negative
and positive charged FragMaps are shown in green, blue, red, orange, and cyan colors and
contoured at -1.2, —-1.2, 1.2, —-1.5, and —1.5 kcal/mol, respectively. The heme-binding face
of HemO (indicated by His-26, panel a) and the back face of HemO (indicated by Asp-99
and Arg-188, panel b) show putative hydrophobic binding sites.
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Compound

NENENECEUIN NN EN I R RN )

m Back Site ® Heme Site

NY S X 60A %9

NENENECEUECEURNEN BN BT e

Computational docking and scoring of compounds binding to HemO on the back site and the
heme site. Compound 23 is shown docked to the proposed alternative binding site (upper
left) as well as the heme binding site (upper right) overlaid with SILCS FragMaps generated
for HemO. FragMaps are colored and contoured at —1.2 kcal/mol for the apolar and negative
FragMaps and at —0.6 kcal/mol for the positive, hydrogen bond donor, and hydrogen bond
acceptor FragMaps. LGFE scores (kcal/mol), based on the Monte Carlo docking of the
ligands into the SILCS FragMaps, were calculated as an estimate of the affinity of the
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ligands for the two binding sites (middle). LE (kcal/mol/atom), which are calculated as the
LGFE per non-hydrogen atom, are also shown (bottom).
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Binding epitopes of selected compounds [(A) 12; (B) 9; (C) 17; (D) 24] determined by STD
NMR. For each compound, traditional pulse proton spectra are shown below in black and

the difference spectra are shown above in red.
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Figure 5.
Color coded protein structure of HemO representing deuterium uptake change upon binding

of compound 1. Deuterium incorporation was mapped onto the HemO crystal structure
(PDB code 1SK?7) as viewed from front (heme-binding pocket, upper left) and from back
(upper right). Peptide regions of holo-HemO that were more protected from deuterium
exchange in the presence of 1 are colored in blue, whereas regions that became more prone
to deuterium exchange are colored in red. Relative deuterium uptake of peptides showed
differences between holo-HemO and holo-HemO in the presence of 1 at 30 min (bottom).
Two peptides (53-62 and 130-138) were significantly more protected from deuterium
exchange upon binding of 1 (Student’s t-test, p < 0.05/7= 2), while other peptides showed
significantly increased deuterium uptake (p < 0.05). Error bar indicates standard deviation.
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Figure 6.
Color coded protein structure of HemO representing deuterium uptake change upon binding

of compound 22. Deuterium incorporation perturbation data were mapped onto the HemO
crystal structure (PDB code 1SK7) as viewed from front (heme-binding pocket, upper left)
and from back (upper right). Peptide regions of 22-bound holo-HemO that were more
protected from deuterium exchange are colored in blue, whereas regions that became more
prone to deuterium exchange were colored in red. Relative deuterium uptake of peptides
showed differences between holo-HemO and 22-bound holo-HemO at 30 min (bottom). One
peptide (53-62) was significantly more protected from deuterium exchange upon binding of
22 (Student’s #test, p< 0.05, n=2), while other peptides showed significantly increased
deuterium uptake (p < 0.05). Error bar indicates standard deviation.
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Figure 7.
In cellulo fluorescence quenching of HemO activity. (A) Concentration dependent inhibition

of HemO activity by compound 1 as measured by biliverdin-dependent IFP1.4 fluorescence.
Experiments were performed as described in Experimental Section. All experiments were
performed in triplicate and averaged. Relative fluorescence was corrected for ODggg, and
values represent the average of three separate experiments. (B) In situ detection of the
biliverdin-1FP1.4 within live bacteria imaged on the Cy5 channel of a fluorescence
microscope in the absence (upper left panel) or presence of 120 uM compound 1 (upper
right panel). Phase contrast images of the bacterial cells are shown in the lower panels.

J Med Chem. Author manuscript; available in PMC 2016 October 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Heinzl et al.

LogP(o/w)

Molecular Weight (Da)

Page 32

6.00 -
2
4 R?=0.57
5.00 A
4.00 A
3.00 -
2.00 T T T )
0 50 100 150 200
MIC, (ng/mL)
300.00 ~
L 2 . R?2=0.36
250.00 A
®e
¢ o
200.00 - o g
4 YR 4
150.00 +
100-00 T 1 T 1
0 50 100 150 200
MIC,, (ng/mL)
Figure 8.

Correlation between MICsq and log Ao/w) (top) as well as molecular weights (bottom) for
compounds with MICsq lower than 200 pg/mL for PAO1. Correlation coefficients /2 are
also shown.
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