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2-aminoimidazole (2-Al) compounds inhibit the formationfdbacterial bio Ims, disperse
preformed bio Ims, and re-sensitize multidrug resistant lcteria to antibiotics. 2-Als have
previously been shown to interact with bacterial responseagulators, but the mechanism
of interaction is still unknown. Response regulators are an part of two-component
systems (TCS). TCSs allow cells to respond to changes in theénvironment, and are
used to trigger quorum sensing, virulence factors, and arntiotic resistance. Drugs that
target the TCS signaling process can inhibit pathogenic bedwvior, making this a potent
new therapeutic approach that has not yet been fully exploéid. We previously laid the
groundwork for the interaction of theAcinetobacter baumanniiresponse regulator Bf/mR
with an early 2-Al derivative. Here, we further investigathe response regulator/2-Al
interaction and look at a wider library of 2-Al compounds. Bycombining molecular
modeling with biochemical and cellular studies, we expand @ a potential mechanism
for interaction between response regulators and 2-Als. Welao establish thatFrancisella
tularensis/novicidg encoding for only three known response regulators, can be anodel
system to study the interaction between 2-Als and response agulators. We show
that knowledge gained from studyingFrancisellacan be applied to the more complex
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A. baumanniisystem, which contains over 50 response regulators. Undetanding the
impact of 2-Als on response regulators and their mechanism fointeraction will lead to
the development of more potent compounds that will serve as djuvant therapies to
broad-range antibiotics.

Keywords: biolms, antibiotic resistance, two-component sy stems, response regulators, Acinetobacter
baumannii , Francisella

INTRODUCTION The phosphate group is subsequently transferred to a partner
response regulator, changing it from an “inactive” to “aetiv
The formation of bio Ims contributes to signi cant bacteal state. The activated response regulator propagates the signal
persistence in the environment, pathogenicity, and resistan  through transcriptional regulation. Response regulators are
antimicrobials Donlan, 200}. Bacteria spend an estimated 80%phosphorylated at a conserved site in the N-terminal receiver
of their time in a bio Im state, adhering to surfaces, and onedomain. A variable C-terminal DNA-binding domain facilis
another. A bio Im is composed of an extracellular matrix which binding to target DNA promotor sites. A highly exible linker
provides protection against a variety of physical and chemicakgion of varying length connects these two domains. It is
assaults. In a bio Im state, bacteria can be up to 1,000-foldommon for response regulators to be monomers in solution
more resistant to antibiotics than their planktonic courparts  until activation triggers dimerization of the receiver dam. This
(Donlan and Costerton, 2002; Rasmussen and Givskov, 200iings the two DNA-binding domains in closer proximity to
Percival etal., 20)1Understanding how bio Ims are formed and better bind the two half sites of the cognate promotérap and
developing small molecule therapies are vital steps in comfpati Stock, 2009
antibiotic resistance. Derivatives of a cell-permeable, non-toxic family of 2-Als
Acinetobacter baumanniand Francisellaspecies are of are known to interact with response regulator§hpmpson
particular interest in studying the impact of bio Ims on human et al., 2012; Stowe et al., 2015; Milton et al., Y0This class
health. A. baumanniiis highly prevalent in hospitals and has of compounds has been widely shown to inhibit and disperse
shown extensive multi-drug resistance in the clinical igtt bio Ims, and also to work as an adjuvant therapy with traditai
(Dijkshoorn etal., 2007; Perez et al., 2D@ baumanniibelongs  antibiotics to re-sensitize multidrug-resistant bacte(izallard
to a group of pathogens known as the ESKAPE pathogenst al., 2008; Richards et al., 2008a,b; Rogers and Meland8r, 200
named as such because the bacteria easily “escape” antbiorackett et al., 20)4Adjuvants act as a complementary therapy
through the rapid acquisition of resistandei¢e, 2008 Recently, to antibiotic treatment. Their use has been proposed to extaad t
the World Health Organization has listeéh. baumannii as lifespan of antibiotics and reduce further resistance. Theptal
a critical priority for combating antibiotic resistant basta to re-sensitize bacteria to antibiotics makes adjuvantsvegpful
(World Health Organization, 2017 On the other hand, while tool against the ever increasing antibiotic resistané&ight,
infection by Francisellaspecies is less commotfrancisella 2016; Gonzalez-Bello, 2017; Melander and Melander, )2017
tularensis/tularensits listed by the Centers for Disease ControlUnderstanding how potential adjuvant compounds function
and Prevention as a Category A select agéhbgtedt, 2007  within the cell will aid in the development of more potent
Its ease of aerosolization, high infectivity, and abiliyduickly  therapies. The speci ¢ mechanism through which 2-Als intérac
incapacitate those infected makdés tularensis/tularensi®  with response regulators is still relatively unknown.
highly viable biowarfare agent. Both bacteria utilize tos to We rst identi ed that an early 2-Al derivative could interac
increase their persistence, pathogenicity, and antibieistance with the N-terminal and C-terminal domains of BfmR, as well as
(Durham-Colleran et al., 2010; Imperi et al., 2011; McConnelith full length protein (Thompson et al., 20)2We probed the
etal., 2013; Sutera et al., 2014; Kréger et al.,)2016 interactions between response regulators and 2-Als by atig
The response regulator proteins BfmR and QseB ar@seB as a cellular target for the compounklslion et al., 201Y.
responsible for controlling bio Im formation as well as degs of  This provided the rst direct evidence that QseB was binding to
antibiotic resistance i\. baumanniiand F. tularensis/novicida 2-Als, and that 2-Als impacted QseB-speci ¢ cellular functions,
(the mouse model ofF. tularensis/tularengis respectively. bio Im formation and b-lactam resistance.
Francisellaspecies encode an exceptionally small number of Here we provide further evidence that BfmR is a cellular
response regulators_grsson et al., 2005compared to other target of 2-Als. Based on our previous ndings with QseB, we
bacteria. This reduced complexity makestularensis/novicida propose thafF. tularensis/novicidaan act as a model organism
an excellent system to the cellular e ects of targeting respon for studying how 2-Als interact with response regulatorshivit
regulators with small molecule therapies. Response regslatathe more complicatedA. baumannii system. Additionally,
work in combination with a sensor kinase to form the understanding the di erences between the two systems vdlirai
ubiquitous communication two component system (TCS)the development of organism speci ¢ and broad range adjuvant
scheme $tock et al., 2000 Typically, the sensor kinase is therapies. Here, we combine cellular, biochemical, and nutdec
a transmembrane histidine kinase that detects an externalynamics techniques to further elucidate the mechanism of
signal. This response triggers an autophosphorylation everdction of 2-Als and response regulators. These ndings vidl a
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in the development of more potent compounds that can act asisually inspected for the presence of consistent bacterialtfro

broad range or speci ¢ adjuvant therapies. The medium was discarded from the wells and the plates were
washed thoroughly with water. Plates were then stained with 1

MATERIALS AND METHODS mL of 0.1% aqueous crystal solution violet (CV) and incubated
at ambient temperature for 30 min. Plates were washed with

Bacterial Strains, Media, and Antibiotics water again. The remaining stain was solubilized with 80f

A. baumannii 19606 and 1605 were obtained from ATCC asl00% ethanol and incubated again at ambient temperature for
19606 and BAA-1605, respectivedy baumanniistrain 5075 was 10 min. A sample of 1251 of solubilized CV stain from each
obtained from the Manoil lab at the University of Washington. well was transferred to the corresponding wells of a polystyrene
Cells were grown in LB at 3T for bio Im assays and Muller microtiter dish. The absorbance of each well was measured at
Hinton Broth 2 for MIC assays. Antibiotics were purchased from540 nm and bio Im inhibition was quanti ed by calculating th

Sigma-Aldrich. 540 nm absorbance of treated wells as a percentage of untreated
_ _ ) ) control wells. The IGgy value was de ned as the concentration
Cloning, Expression, and Puri cation of compound at which a 50% reduction in bio Im formation

The coding region ofbfmR from A. baumannii strain 19606 was observed compared to the untreated control. Assays were

was in the expression vector pET28a (Novagen). Protein wagpeated with between three and eight biological replicates.

over-expressed in BL21(DE3)pLysS cells aC3in LB. At an L. o .

ODgoo of 0.6-0.8, cells were induced with 1mM isoprofyl  Minimum Inhibitory Concentration (MIC)

D-thiogalactopyranoside (IPTG) at 30, for 4 h. Harvested cell Assays

pellets were stored at80 C for later use. MIC assays were performed according to Clinical and Laboyator
BfmR pellets were resuspended in lysis bu er (20 mM TrisStandards Institute (CLSI) standards. MIC values of the

pH 7.9, 400mM NaCl, and 5mM imidazole) at 10mLgof  compounds alone were established prior to studies with

pellet. Cells were sonicated and the resulting lysate @drat  antibioticsA. baumanniicells were pre-incubated with 2-Als for

20,400 g for 15min. Clari ed lysate was loaded onto 10 mL of 30 min prior to assessment in the MIC assay. Assays were Iyitial

Ni-NTA resin (QIAGEN) pre-equilibrated in lysis bu er. Bound repeated with two biological replicates. Compounds that showed

protein was washed with 10 column volumes of lysis bu erMIC lowering activity were further repeated.

and 10 column volumes of 20mM Tris pH 7.9, 1M NaCl, and

15mM imidazole. The protein was eluted with a linear gradienDocking and MMGBSA Rescoring

from lysis bu er to elution bu er (20 mM Tris pH 7.9, 400mM Both Autodock Vina {rott and Olson, 201pand Schrodinger

NaCl, and 300 mM imidazole). Fractions containing proteireve GLIDE-XP (rriesner et al., 2006docking approaches were

pooled and dialyzed into 20 mM Tris pH 7.9 and 200 mM NaCl.employed in a large region encompassing the N-and C-

The a nity tag was cleaved by 100 units of thrombin for 2 h at terminal domains of QseB, PmrA, and BfmR. When employing

room temperature. Cleavage was quenched with 0.1 mM AEB3®itodock Vina, AMBER16 {ase et al., 20)6models of

and sample continued in dialysis of 20mM Tris pH 7.9 andthe systems were prepared using TLEAP and the systems

200 mM NacCl. energy minimized for 800 steps employing steepest descents
_ followed by 8,000 steps of conjugate gradient minimization
Thermal Shift Assays (TSA) using the 14SB force eld. In the case of Autodock Vina,

The compounds were dissolved in 100% PEG 400 to a ngbotential binding sites were rst detected using blind dodin
concentration of 1 mM. Reactions were carried out using nalHere we employed large docking region (ca 3030 30
concentrations of 5M BfmR, 25mM compound, 10% v/v PEG A3), completely encompassing the N/C domains. Inhibitor
400 and 10x SYPRO orange (ThermoFisher Scienti ¢). Sampl&éinding pose regions located using this approach were then
were prepared in three technical replicates on a CFX384 Toudubsequently re-investigated using smaller docking boxes fo
Real-Time PCR Detection System (BioRad). Samples were heateer sampling. In all cases, a Autodock Vina high exhaustivene
from 25t095Cin 0.5 Cincrements, holding for 30 s at each step.setting of 80 was used to sample inhibitor/response-regulato
Fluorescence was detected using the default HEX wavekengthon gurations and a total of 20 top-Vina score docking poses
Data was t to a Boltzmann curve using SigmaPlot. Assays weraved for subsequent molecular mechanics generalized Born

repeated in triplicate. surface area (MMGBSA) rescoring described below. In house test
) o problems, including PDB Bind high quality crystal structures
Bio Im Inhibition Assays reveal that this hybrid Vin@ MMGBSA approach recovers the

Overnight cultures of A. baumannii 19606 in LB were crystallographically relevant poses (con gurations) as theekst
subcultured to an Olgye of 0.01 in the same media. MMGBSA scored docking pose ca. 75% of the time (with RMSD
Compounds were added from stock solutions to give the desired 2 A). Additionally, the lowest MMGBSA score has improved
concentrations to be tested. Inoculum with no compound added nity correlation compared to docking scores{ou et al., 2011;
served as the untreated control. Samples were aliquotechlP0 Greenidge et al., 2013; Zhang et al., J0Parallel exploration

into the wells of the 96-well PVC microtiter plate. Sample platesising Schrodinger GLIDE-XP rst identi ed potential bindm
were then wrapped in plastic and incubated under stationargites in response regulator models using SiteMap on systems
conditions for 24 h at 37C. After incubation, the plates were prepared with ProteinPrep energy minimized with 2,500 steps
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of conjugate gradients and collection of 5-10 top GLIDE-XRo identify binding interactions (Supplementary Figures 11,45
scored poses. Predicted inhibitor binding locations forséwvo  a result, compounds that bind QseB tightly enough to induce a
(VinaCMMGBSA/GLIDE-XP) distinct approaches were foundsigni cant change in the T, also bind BfmR Figure 1). AGL-
to be in agreement with small dierences in specic residue726, 778, 793, 802, 753, 777, 811, 810, 756, 833, and 7&&&cre
interaction motifs beyond the scope of the present discussion the Ty, of QseB and BfmR above background. Additionally, AGL-

) 745, 770, and 787 showed binding potential for BfmR. This
MMGBSA-Min and MMGBA-SA suggests that compounds may be designed to target a broae rang
Docking poses from Autodock Vina or GLIDE-XP are subjectecbf response regulators or be modi ed to interact with only a
to MMGBSA rescoring employing a combination of AMBER16speci ¢ response regulator.

(Case et al., 20)@riven by our own @C and bash script We previously observed with QseB that a compound can
base. Our automated work ow: (1) collected docking posesnteract with a response regulator, but theT,,, upon binding

of all ligands (in mol2 format), (2) performed ligand formal does not change signi cantly above background leveigton
charge perception (CC/OpenBabel), (3) quantum chemical et al., 201y, As a result, it is likely that a compound with a
determination of each of the ligand charges using AMl-moderate to high binding a nity can be con dently detected
BCC, (4) determination of additional internal ligand force using the thermal shift assay. This allows for quick idecsition

eld parameters using AMBER-GAFF, (5) energy minimizedof leads from a library of compounds.

poses in complexes with the receptor/protein employing a

GPU/CPU hybrid MD-simulated annealing (300K MD followed Bio Im Inhibition

by energy minimization) procedure before computing theQseB and BfmR have been shown to play a central role in the

MMGBSA/MMPBSA score. regulation of bio Im formation in F. tularensis/novicidand A.

) baumannij respectively{omaras et al., 2008; Durham-Colleran
Molecular Dynamics of Response et al., 2010; Liou et al., 2014SinceFrancisellaspecies only
Regulator Systems encode three known response regulatdfstularensis/novicida

AMBER16 Case et al., 20)@vas used to prepare the coordinateshas the potential to be an excellent model system to study
of PmrA. Coordinates were extracted from PDB ID 4S05 witithe e ects of 2-Als on response regulators. We previously
the DNA removed. The initial system, prepared using the TLEARIemonstrated that AGL-600 and 726 inhibited the formatidn o
module along with the 14SB force eld, was immersed in boxed~. tularensis/novicidaio Ims (Milton et al., 201Y. Due to the

of TIPS3P waters. A distance of 15 A around any proteirphenotypes associated with QseB knockottsrham-Colleran
heavy atom was used as the criterion of choosing the box sizetal., 201Pand our direct evidence that these compounds bound
The system was energy minimized for 8,000 steps of conjuga@seB, we concluded that QseB was a target of the 2rAlgro.
gradient minimization, and then heated to 300K over 200 p#\s with QseB, deletion obfmR results in a complete loss of
using the NPT ensemble, while harmonically constraining th bio Im formation (Tomaras et al., 2005Since BfmR also directly
protein atoms to initially equilibrate the water box density binds the 2-Als, we expected the compounds to have similar
After energy minimization, the system was allowed 5 ns obio Im inhibition properties in A. baumannii

unconstrained equilibration at constant volume and tempeara The library of compounds were screened for their ability
(300K). After equilibration, the PmrA system was employed irto inhibit the formation of A. baumannii bio Ims using the
solvated dynamics in aqueous solution. Dynamics was exgplordraditional crystal violet assayd(Toole, 201). All compounds

at 300K for 250 ns. The structures were saved every 5 pghibited biolm formation to varying degreesHigure 2). A
The structural evolution in solution of the initial “exteed” majority of the compounds identi ed as BfmR binding partners
conformation in the absence of DNA was examined both inranked among the most potent inhibitors, with initial scréeg
principal component analysis of the dynamics coordinate a#Cso values for bio Im inhibition between 10 and 58M. This
well as clustering the backbone coordinates of PmrA ovesuggests a correlation between compounds that bind BfmR and
the 250 ns timeframe using the average-linker algorithm teompounds that reducA. baumanniibio Im growth.

obtain approximate populations of the top 5-clusters as well as Based on thermal shift data, three compounds were

representative PDB-snapshots for the clustered families. selected for further comparison betweéx baumannii and
F. tularensis/novicidaio Im inhibition. AGL-726 signi cantly

RESULTS AND DISCUSSION increased the {f values of QseB\ilton et al., 201y and BfmR
(Supplementary Figure 1) above background, wlithy, of 6.77

2-Als Bind QseB and BfmR 1.25 and 8.73 1.26C, respectively. The compound is one

The formation of a protein-ligand complex is often associatedf the most potent bio Im inhibitors with an Gy of 15.03
with an increase in protein stability. Complex formation cam b~ 1.99mM for F. tularensis/novicidand 17.45 1.17mM for
determined by measuring the change in the protein's meltingd. baumannii(Figure 3A). To test a less extreme example, we
temperature (T,), a strategy generally used in drug discovenjnvestigated AGL-833. AGL-833 has a nearly identic@},, for
(Pantoliano et al., 2001; Lo et al., 2004; Niesen et al.,)200QseB and BfmR, 1.90 0.26 and 1.93 0.35C, respectively.
Previously, we developed a high-throughput uorescence daseAGL-833 also proved to be a potent bio Im inhibitor with
thermal shift assay to evaluate the binding of 2-Als to QseBCsg values of 11.56 0.74 and 15.75 0.87mM for F.
(Milton et al., 201Y. This same assay was performed with BfmRularensis/novicidand A. baumannij respectivelyKigure 3B).
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FIGURE 1 | Top binding compounds for QseB and BfmR based on protein thenal shift. (A) Compounds that signi cantly increased the T, of both QseB and BfmR.
Compounds are grouped based on structural similarities(B) Additional compounds that interact with BfmR. 753 and 782 ae not shown due to patent pending.

FIGURE 2 | Bio Im inhibition by 2-Al compound library. Bio Im inhibiti; IC5q rankings forA. baumannii19606 bio Ims.

Finally, AGL-600 was investigated. We previously reportedole in polymyxin B resistanceMohapatra et al., 2007 The
that while AGL-600 binds QseB, binding manifested as amddition of AGL-600 and AGL-726 were able to lower the
insigni cant 1 T, (Milton et al., 201). Likewise, AGL-600 has minimum inhibition concentration (MIC) of polymyxin B inF.
little impact on thel Ty, of BfmR (Supplementary Figure 1). tularensis/novicidgMilton et al., 201). This nding provided
The lower binding a nity correlates with a decrease in bionl  further evidence that QseB is a cellular target of 2-Als.
inhibition. AGL-600 inhibitsF. tularensis/novicidaith an 1Csg BfmR has been shown to mediate resistance to meropenem
of 57.64 15.12mM and A. baumanniiwith an 1Csg of 59.78 and colistin Russo et al., 20).62-Als that interact with BfmR
10.58mM (Figure 3Q). Overall, these results demonstrate thatin vivo may impact antibiotic resistance. To test the e ects
even minor modi cations to the variable region of the compalin of the library of 2-Als on antibiotic resistance, MIC lowering
can have signi cantimpacts on the 2-Al's ability to bind resise ~ activity was evaluated for two strains Af baumannii. Strain
regulators and provide support and that, like QseB, BfmR is alsb605 is a multidrug resistadt. baumanniiisolated from military

a cellular target of 2-Als. casualtiesTien et al., 200)and strain 5075 is a highly virulent
isolate often used as a model strain to evaluate antimiatobi

2-Als Impact the Minimum Inhibitory treatments {acobs et al., 20)1.4Both strains were tested for

Concentration of Antibiotics increased sensitivity to meropenem, imipenem, and doripenem

Response regulators are often involved in antimicrobiain the presence of our library of 2-Als (Supplementary Table 1).
resistance. For instance, QseB has been shown to playMany of the compounds that interact with BfmR in the thermal
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is highly probable that the MIC lowering activity seen in these
compounds can be attributed to BfmR being a cellular target.

Interactions between 2-Als and Response

Regulators

To further understand how 2-Als are interacting with respens
regulators, we turned to structural biology techniques.eTh
highly exible nature of response regulators makes solving
the full-length structure di cult. To date, we have solvedeh
structures of the N-terminal receiver domains of QseB and
BfmR using x-ray crystallography [PDB ID 5UIC and 5HM®6
(Milton et al., 2017 Draughn and Milton et al. unpublished)],
as well as the C-terminal DNA binding domain of BfmR
[PDB ID 2NAZ (Draughn and Milton et al. unpublished)].
These structural domains can be combined using chemical
crosslinking and molecular dynamics simulations to model f
length response regulator©lson et al., 201,3Draughn and
Milton et al. unpublished). We have further employed molecular
dynamics simulations and docking procedures to shed light on
the interactions between 2-Als and response regulators.

In lieu of a complete structure of QseB, we have used a
homology model of PmrA fronKlebsiella pneumonid®BD ID
4S04 and 4S05.¢u et al., 201. QseB and PmrA share 43%
sequence identity and 61% sequence homology (Supplementary
Figure 3). Alignment of the QseB N-terminal domain [PDB ID
5UIC (Milton et al., 201)] with PmrA [PDB ID 4S05 ((ou et al.,
2019] crystal structures results in asCRMSD of 1.805 A. Full

FIGURE 3 | Comparison of bio Im inhibition and BfmR binding propertiesor length structures indicate that PmrA has a linker Iength @*

three select compounds across bacterial species(A) AGL-726 binds BfmR amino acids. Based on sequence alignment, we predicted that
and QseB with the highest change in n. This binding correlates with low 1Gg QseB has an 8 amino acid linker. Combined, this information
values. (B) AGL-833 stimulates a minor increase in the fs of BfmR and suggests that our PmrA derived model is a suitable stand-
QseB while still having potent bio Im inhibition properties(C) AGL-600 binds in for full lenath QSGB This model has allowed us to probe
very weakly, if at all, to BfmR and QseB, which probably conitutes to a in for .u . g . ' | p

higher 1Gsq values for bio Im inhibition. potential interactions between QseB and 2-Aldil{on et al.,

2017. From these studies, a binding interface between the N-
and C-terminal domains was identi ed as the highest potentia
binding site. Similarly, an early model of BfmR identi edeth
shift experiment have MIC lowering activity, speci cally 726,same 2-Al binding site{hompson et al., 20)2This observation
756, 770, 778, 786, 802, and 833. Five additional compound&s supported by experimental nds which demonstrated that
which have bio Im inhibition 1Csg values less than 10@M (503, the N- and C-terminal domains of BfmR could bind a 2-Al
600, 621, 754, and 773), also showed MIC lowering activityjndependently. Both N—and C—terminal domain constructs of
These results further support that the response regulator BF-mBfmR were independently pulled down by a 2-Al compound
is a cellular target of 2-Als, and that the compounds can act ag’hompson et al., 20)2This suggests that a compound binding
adjuvant therapies. site lies at the interface between the two domains. All sulnset
AGL-600, 726, and 833 all had potent MIC loweringdocking experiments for BfmR and QseB have identi ed some
activity (Table ). All three compounds reduce the MIC in a variation of the N- and C-terminal domain interface as the sho
dose-dependent manner. AGL-833 had to be used at lowdavorable binding site for 2-Al compounds. Further strucr
concentrations due to having a lower MIC value than AGL-60Gstudies will be necessary to con rm that the domain interféce
and 726 when tested in the absence of antibiotics, 12.5,60, athe binding site and elucidate the speci c residues thatlifate
50mM, respectively. Regardless, AGL-833 proved to be a poteBtAl compound binding.
MIC lowering adjuvant. Deletion dbfmRresults in roughly a 2- As a follow up to prior studies employing docking with
fold lower MIC for meropenem than WTA. baumanniistrain  the current generation of 2-Al compoundsM(lton et al.,
AB307-0294 Russo et al., 20).6At concentrations four times 2017, we performed “large-box” blind docking using Autodock
lower than the MIC values of the 2-Als alone, these compound¥INA to the solution equilibrated “tucked” state of QseB.
were able to reduce the MIC values of three carbapenerfihe low MMGBSA scored pose positions for compounds lie
antibiotics at or beyond what was observed ibfanRdeletion in cavities at the interface between the N- and C-terminal
mutant. While resistance likely varies greatly betweeaiss; it domains (Supplementary Figure 4). These poses have low RMSD
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TABLE 1 | MIC lowering activity of AGL-600, 726, and 833.

AGL-600
A. baumannii 1605 A. baumannii 5075
Antibiotics 0mM 30 mM 60 mM 0mM 30 mM 60 mM
Imipenem MIC (rg/mL) 32 - 4 32 2 -
Fold reduction 8 16
Meropenem MIC fng/mL) 32 - 4 32 2 -
Fold reduction 8 16
Doripenem MIC (ng/mL) 32 - 8 32 2 -
Fold reduction 4 16
AGL-726
A. baumannii 1605 A. baumannii 5075
Antibiotics 0 mM 10 mM 15 mM 30 mM 0mM 10 mM 15 mM 30 mM
Imipenem MIC (ng/mL) 32 16 8 - 32 - 8 4
Fold reduction 2 4 8
Meropenem MIC (ng/mL) 32 8 - 32 - 4 2
Fold reduction 4 5.3 8 16
Doripenem MIC (ng/mL) 32 8 6.0 - 32 - 6 1
Fold reduction 4 583 5.3 32
AGL-833
A. baumannii 1605 A. baumannii 5075
Antibiotics 0mM 2mM 4 mM 0 mM 2mM 4 mM
Imipenem MIC tng/mL) 32 32 4 32 16 8
Fold reduction 0 8 2 4
Meropenem MIC (ng/mL) 32 32 4 32 32 4
Fold reduction 0 8 0 8
Doripenem MIC (ng/mL) 32 32 4 32 16 4
Fold reduction 0 8 2 8

excursions over 30-60 ns while bound to the response regulatagroup docks within the electronegative region. This positign
This suggests that the compound binding sites identi ed arevas observed with many other 2-Als (data not shown). BfmR and
temporally stable and have reasonable residence timegéords  QseB share similar electrostatic topologies, providing enie
that bind withmM a nity. as to why the 2-aminoimidazole head group is required for
Examining the electrostatic properties of the interfacecompound e cacy. Depending on the response regulator, we
between the N-terminal and C-terminal domains reveals arpropose that compounds can be tailored to interact with the
electronegative region in both QseB and BfmR. A concentrateelxterior region of the interface while the conserved head grou
electronegative region lines the inside of the interfagereg¢to  binds the electrostatic residues on the interior. This otagon
the protein. This region is adjacent to where the exible kmk will help to guide the next generation of 2-Al derivatives.
connects the two domaing-{gures 4A,Q. Similar patterns were
observed in other full length response regulators ComE [PDEResponse Regulator Dynamics
ID 4CBV (Boudes et al., 20)Jand KdpE [PDB ID 4KNY and Flexibility likely plays a critical role in a response regaoiat
4KFC (Narayanan et al., 20)}} described below. Oddly, PmrA, ability to bind a variety of target DNA sequences. In fact,
for which the model of full length QseB is based, does not appea DNA substrate is often used to lock down the mobile C-
to have an electronegative interface [PDB ID 4S04 and 4305 ( terminal domains in crystal structures. In order to undenstl
etal., 201). This suggests that full length structural information how our compounds bind response regulators, it is important to
will be very important for designing potent inhibitors. Doelg of  understand the dynamics of the system.
AGL-726 to QseB positions the compound within this interface  The exible linker connecting the N- and C-terminal domains
(Figure 4BandMilton et al., 201Y. The 2-aminoimidazole head allows response regulators to sample a wide range of states.
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FIGURE 5 | Structures of full length response regulators show two
conformations. (A) PmrA (PDB ID 4S05) is in a “tucked/extended” state when
bound to DNA in a crystal. Molecular dynamics of solution ste PmrA in the
absence of DNA relaxes to a “tucked/tucked” state. Structuremodel

represents the top scoring pose from each cluster based on &e energy
minimization.(B) Crystal structure of KdpE bound to DNA (PDB ID 4KNY) also
is in a “tucked/extended” conformation.(C) The apo structure of ComE (PDB
ID 4CBV) is in a “tucked/tucked” state similar to the relaxed Pm.

the C-terminus. Based on these crystal structures, therhi#ll s
binding data, and molecular docking simulations, we presgigu
proposed that compounds could bind either the “tucked” or
“extended” state. In the model, compounds that favored the
“tucked” conformation were tighter binders and more potent

inhibitors. Molecular dynamics simulations allow for the el
FIGURE 4 | Electrostatic map of QseB and BfmR(A) QseB has an

electronegative interface between the N- and C-terminal dmains. Negative to be further explored.
charges extend deep into the protein as shown in the blow out(B) Docking of The DNA was rst removed from the full Iength CryStal

AGL-726 places the compound into this interface. The 2-amioimidazole head structure of PmrA [PBD ID 4S05L0u et al., 201 and
group lines up with the electronegative region, suggestinghe head group immersed in a large box of TIPS3P water. Molecular dynamics
Seoregime e cams e e et .| Sldles revealed that, folowing eatty equiibraion, the
Electrostatic potential ranges from 2 (red) toC2 (blue), with 0 shown in v;/hite. “eXtended’j Cha,ln of PmrA '_’apldly collapsed to a *tucked”
conformation igure 5A) within the rst 70 ns of the 250 ns
simulation at 300 K. This suggests that there is likely a sorall
no energy barrier to folding to the “tucked” state. Examibat
The “tucked” and “extended” states describe the relatignsh of trajectory movies suggests the timescale for compaction
of the C-terminal DNA-binding domain to the N-terminal may possibly be determined by the exclusion of intervening
dimerization domain [ilton et al., 201). These two extreme water molecules between the two C-terminal domains and low-
states have been observed in the crystal structures of Pmiergy gating transitions of a few residues in the linkericha
from K. pneumonia¢PBD ID 4S04 and 4S0%.¢u et al., 2013  Following the C-terminal conformational transition, PmrA
and KdpE from Escherichia colfPDB ID 4KFC and 4KNY remains “tucked” with smaller scale dynamical uctuations
(Narayanan et al., 20))4(Figures 5A,B. Both structures are (Figure 6). Examining clustered conformations for the full
of DNA bound proteins that belong to the OmpR/PhoB family duration of the simulation with this large amplitude tranisin,
of response regulators. KdpE has a linker length & amino  approximately 76% of the sampled populations take on a
acids and shares a 31% identity with 56% homology to QseBucked” conformation in the absence of DNA, with variat®n
and 33% identity with 55% homology to PmrA (Supplementaryof the “extended” state present at short times. These pergesta
Figure 3). Secondary structures of the N-terminal and Grii@al  are not steady-state populationser se but merely re ect the
domains of QseB, PmrA, and KdpE are nearly identical strustureconformational preferences for a simulation of this length.
with Ca RMSDs of 1.1 A for the N-terminus and 1.5 A for  Supplementary Figure 5 shows that between 50 and 70 ns there is
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FIGURE 6 | Population distribution of PmrA. Having started with an “ebended” state, the populations shifts to predominately “taked” on a short time scale.(A)
Molecular dynamics of PmrA (PDB ID 4S05) quickly relaxes to &ftked/tucked” state and samples this state 76% of the time ata 250 ns time scale.(B) The PmrA
crystal structure bound to DNA (center) begins in a “tucked/etended” state. Variations on the “tucked/extended” state @& sampled for very short periods of time and
account for small portions of the population at a given timeStructure models represent the top scoring pose from each elster based on free energy minimization.

a signi cant increase in the RMSD of the sampled conformationso full length structures of OmpR/PhoB response regulators in
as compared to the original starting structure. Investigatof a dimer conformation have been solved, ComE is the closest
the Ca uctuations at 70 ns reveals that the major contributor representation of a non-DNA bound response regulator dimer.
to change in RMSD is due to signi cant movement of the C-Monomeric OmpR/PhoB family structures such as DrrB and
terminal residues of the “extended” state chain (Supplenrgnta MtrA have been solved in a “tucked” conformation, further
Figure 6). This is what one would expect for relaxing a systerauggesting that the “tucked” state is more favorable intgmfy

to a compact/energetically stable regime from a higher esterg in the absence of DNA.

extended state. Interestingly, the full length crystalisture of Based on these observations, we propose a potential
ComE [PDB ID 4CBV Boudes et al., 20))4has both dimer mechanism for response regulator DNA binding. In solution,
chains in the “tucked” conformationHigure 5C). The lack of response regulators preferentially adopt a tucked confoionati
DNA may be attributed to this conformation. ComE is a memberoccasionally sampling more extended poses. When a DNA
of the AlgR/AgrA/LytR family of transcription regulators.slt substrate is identi ed, the N-terminal domain “kneels” ovane
C-terminal DNA binding domain is distinct from the winged- of the C-terminal domains Kigure 7). This movement results
helix-turn-helix found in OmpR/PhoB family. ComE does sharein one dimer chain becoming tucked while the linker region
some structural similarities to QseB, PmrA, and KdpE. A0  of the other chain stretches out. Since 2-Als likely bind to
amino acid linker connects the two domains of ComE. Thethe interface between the N- and C-terminal domains, our
N-terminal domain has a 25% identity and 46% homology withworking model proposes that they may impact the ability of
C a RMSD of 3.848 A to QseB (Supplementary Figure 3). Sinde response regulator to “kneel” upon DNA bindingigure 7).
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sensitivity to carbapenem derivatives. The conrmation of
both QseB and BfmR as targets of 2-Al compounds and
the identi cation of the same lead compounds suggests that
studies to determine the inhibition mechanism in one system
will translate to the other. SincErancisellaencode only three
response regulatorg;rancisellacould be a model system for
the determination of a 2-Al mechanism of action iA.
baumannii Understanding the interactions between response
regulators and 2-Als on a structural level is necessary lig fu
understand the mechanism of inhibition. This informationliv
play a vital role in the development of even more potent
compounds to combat antimicrobial resistance. Molecular
dynamics simulations suggest that response regulators arespr
to spend a majority of their time in the “tucked” state. As
such, this state should be targeted for future drug desige. W
hypothesize that the binding of a 2-Al into the interface beem
the N—terminal and C—terminal domains will increase the
interaction between these domains, stabilizing the “tuClstalte.
This binding could result in reduced sampling of the “extedte
state. The work presented here lays the ground work for
understanding how 2-Al compounds inhibit response regulator
Further studies are necessary to validate this working rhode
A better understanding of how 2-Als interact with response
regulators and the mechanisms involved in DNA binding will
inform the development of more potent libraries of compounds

FIGURE 7 | Proposed model for response regulator DNA binding and 2-Al with speci ¢ and broad range targets.
binding. In solution, response regulators are predominantlin the “tucked”
conformation. In the absence of inhibitor, the response redator is free to

move the C-terminal domains. This assists in binding the tget DNA and AUTHOR CONTRIBUT|ONS

allows the N-terminal domain to “kneel” over one of the DNA-imding domains.

Binding of a 2-Al compound likely increases the interactianbetween the N- MM: designed the research, performed biochemical experiments
and C-terminal domains, impacting the protein's ability tgosition both and wrote the manuscript; MM and CL: expressed and puri ed
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