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Abstract

Bacteria use a cell-cell communication process called quorum sensing to coordinate collective
behaviors. Quorum sensing relies on production and group-wide detection of extracellular signal
molecules called autoinducers. Here, we probe the activity of the Pseudomonas aeruginosa LasR
quorum-sensing receptor using synthetic agonists based on the structure of the native homoserine
lactone autoinducer. The synthetic compounds range from low to high potency, and agonist
activity tracks with the ability of the agonist to stabilize the LasR protein. Structural analyses of
the LasR ligand binding domain complexed with representative synthetic agonists reveal two
modes of ligand binding, one mimicking the canonical autoinducer binding arrangement and the
other with the lactone head group rotated approximately 150°. Iterative mutagenesis combined
with chemical synthesis reveals the amino acid residues and the chemical moieties, respectively,
that are key to enabling each mode of binding. Simultaneous alteration of LasR residues Thr75,
Tyr93, and Alal27 converts low-potency compounds into high-potency compounds and converts
ligands that are nearly inactive into low-potency compounds. These results show that the LasR
binding pocket displays significant flexibility in accommodating different ligands. The ability of
LasR to bind ligands in different conformations, and in so doing, alter their potency as agonists,
could explain the difficulties that have been encountered in the development of competitive LasR
inhibitors.
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Quorum sensing (QS) is a process of cell-cell communication used by bacteria to orchestrate
collective behaviors. QS involves the production, detection, and group-wide response to
extracellular signal molecules called autoinducers (Al)1-®. QS controls genes involved in
pathogenesis and biofilm formation in many bacteria®=8. As a result, disrupting QS is
viewed as a possible therapeutic alternative to traditional antibiotics®11. The QS bacterium
Pseudomonas aeruginosa is an opportunistic pathogen that affects patients suffering from
cystic fibrosis, patients with implanted medical devices, and those with suppressed immune
systems, such as cancer sufferers!2. P aeruginosa has developed resistance to many
commonly used antibiotics and represents a significant burden with respect to nosocomial
infections, making the development of new treatments for 2. aeruginosa infections vital3-17,

QS controls P aeruginosa pathogenesisi8, The QS system employs two LuxI/R homoserine
lactone (HSL) Al synthase/receptor pairs, Lasl/R and Rhll/R, which produce and detect N-3-
oxo-dodecanoyl-L-homoserine lactone (30C1,HSL) and N-butyryl-L-homoserine lactone
(C4HSL), respectively’- 19-24 These native Als are structurally characterized by a polar 3-
amino-y-butyrolactone “head group” attached, via an amide bond, to a nonpolar
hydrocarbon-based “tail group” (Figure 1A). LuxR-type QS receptors are transcription
factors that possess variable N-terminal ligand-binding domains (LBD) and well-conserved
C-terminal helix-turn-helix DNA-binding domains2>—30. Like other LuxR-type QS receptors,
LasR and RhIR require their cognate Als to be bound in order to properly fold, dimerize,
bind to target promoter DNA, and initiate transcription?®. The LasR-Al complex, in addition
to modulating genes required for pathogenesis, activates expression of rA/R and rA/l, thus
launching the second QS system. This regulatory arrangement enables the two QS systems
to function in tandem’: 20, Due to its location at the top of the QS hierarchy, its connection to
pathogenesis, and its reliance on a small molecule to function, LasR has garnered interest as
a target for medicinal chemistry approaches aimed at limiting virulence3L. Efforts to identify
potent inhibitors of LasR have been described, but no compound has yet been moved
forward to the clinic32-38, Understanding the structural basis underlying LasR activation by
different agonists could be informative for addressing challenges in LasR inhibitor design.
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Analyses of the features driving ligand accommodation by LasR were accelerated when
crystal structures were solved of the LasR LBD bound to its cognate HSL, noncognate
HSLs, and other agonists3®—41, Subsequent mutational analyses revealed that modification of
a single LasR residue, Trp60, that hydrogen bonds with the carbonyl moiety of the ligand
lactone ring can convert an agonist into an antagonist and vice versa®2. Consistent with these
findings, substituting the lactone head group on the native Al with a phenyl head group
converts the ligand into an antagonist#2: 43,

We previously reported that the compound meta-bromo-thiolactone (mBTL) (Figure 1A)
was a QS antagonist based on measurements of QS-controlled pyocyanin production. We
suggested that mBTL could function by inhibition of one or both QS receptors®4.
Subsequently, it was shown that mBTL, while indeed inhibiting pyocyanin, is a LasR
agonist*®. We agree with the validity of these authors’ findings. Here, we report the agonist
activity of a set of compounds that combine features from 30C1,HSL and mBTL with novel
head groups designed as metabolically stable bioisosteres of the native Al homoserine
lactone head group. Our characterization shows that the compounds vary from low to high
potency. Crystal structures of the LasR LBD bound to mBTL and to two of these analogs, 4-
(3-bromophenoxy)-N-(reF(15,35,55)-2-oxobicyclo[3.1.0]hexan-3-yl)butanamide (BB0020)
and 4-(3-(methylsulfonyl)phenoxy)- N-(re/-(15,35,55)-2-oxobicyclo[3.1.0]hexan-3-
yl)butanamide (BB0126), reveal two distinct modes of ligand binding. Strikingly, in the case
of BB0126, the head group lies in the opposite orientation relative to that of 30C;,HSL,
mBTL, and BB0020. Mutagenesis reveals that LasR residues Thr75, Tyr93, and Alal27
stabilize the alternative BB0126-mode of binding. Indeed, substitutions at these three
residues cause BB0126 to reorient back into the canonical binding conformation, as revealed
by the crystal structure of the LasR triple mutant LBD complexed with BB0126.
Collectively, our findings show that LasR possesses a flexible ligand binding pocket that
accommodates multiple orientations of the ligand head and tail groups. The results also
reveal the crucial structural elements in LasR that bind to the head and tail groups to confer
ligand potency.

RESULTS AND DISCUSSION

Design and analysis of synthetic LasR agonists.

A number of replacements for the hydrolytically sensitive lactone moiety in 30C1,HSL
have been reported3%: 46-51 however, most of these compounds showed a considerable loss
of functional potency. To identify new ligands that modulate QS receptors, we sought to
develop structurally novel head groups that would maintain potency comparable to that of
the native HSL for LasR while providing improved chemical and metabolic stability. Suga
and coworkers®2 have reported that replacement of the 30C1,HSL head group with an
unsubstituted cyclopentanone led to poor activity for LasR. Nonetheless, our inspection of
ligand-bound LasR crystal structures indicated that there exists additional space for
placement of small hydrophobic groups around the 5-membered lactone ring system. We
reasoned that placement of a fused cyclopropane ring such as that in a bicyclo
[3.1.0]hexanone system might provide additional hydrophobic interactions necessary to
maintain LasR potency while also providing robust chemical and metabolic stability. We
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synthesized the requisite (15,35,55)-3-aminobicyclo[3.1.0]hexan-2-one and corresponding
3-aminobicyclo [3.1.0]hexan-2-ols according to a published procedure®3 and attached these
new head groups to three different tail groups: the dodecanoy! side chain of 30C1,HSL
(BB0231, BB0232, and BB0233), the 3-bromophenoxybutanoyl tail group found in mBTL
(BB0020), and a novel 3-(methylsulfonyl)phenoxybutanoyl tail group in which the bromine
of mBTL was replaced with a methylsulfone group (BB0126, BB0272, BB0273). We also
prepared the analog with the lactone head group found in 30C,HSL and the 3-
(methylsulfonyl)phenoxybutanoyl tail piece (BB0221). The structures of the compounds are
shown in Figure 1A, the synthetic schemes are in Supplemental Figure 1, and synthetic
procedures are in the Supporting Information.

We assessed the activities of our compounds in dose response assays (Figure 1B) using a
recombinant £. coli strain that produces LasR and harbors the LasR-activated /asB promoter
fused to /uxCDABE. Briefly, in this assay, arabinose is used to induce LasR production and
LasR is activated by exogenously-supplied ligand. LasR:ligand complexes bind the /asB
promoter and activate transcription of the fused /ux operon resulting in light production (for
more information, see Materials and Methods). High concentrations of some compounds
(e.g., mBTL, BB0020, and BB0126) caused off-target inhibition of luciferase; we included
these data in the figures but excluded them from the curve fitting used to estimate ECs
values (Table 1).

The compound activities fell into three classes: 1) strong agonists with ECgq values
comparable to the cognate Al, Il) weak agonists with ~1000-fold higher ECsgq values than
the cognate Al, and I11) nearly inactive compounds with ~20000-fold higher ECsgq values
than the cognate Al (Figure 1B and Table 1). Class | molecules included mBTL, BB0020,
and BB0231. Class Il molecules included BB0126, BB0221, BB0232, and BB0233. Class
I11 molecules included BB0272 and B0273. Replacement of the lactone/thiolactone head
group with our novel bicyclo[3.1.0]hexan-2-one head group (BB0020, BB0231) maintained
agonist potency for LasR (Figure 1B). Replacing the bromine in the tail group of BB0020 or
mBTL with a methylsulfonyl group dramatically decreased potency for LasR by 780-fold
and 2500-fold for BB0126 and BB0221, respectively (Figure 1B and Table 1). Reduction of
the ketone moiety to provide the corresponding a- or -bicyclo [3.1.0]hexan-2-ol derivatives
also led to a 120-fold and 60-fold loss in potency (compare BB0231 to BB0232 and
BB0233, respectively; Table 1). The loss of potency in going from the ketone to the a.- or p-
hydroxyl head group was unexpected, as several active HSL head group replacements
containing hydroxyl moieties have been reported37: 46. 54, Indeed, it has been shown that
both the 2-cyclohexanol and 2-cyclopentanol head groups are more potent LasR agonists
than their corresponding 2-ketone derivatives®2. Not surprisingly, analogs BB0272 and
BB0273, which contain both the alcohol head groups and sulfone tail group, showed almost
no activity (Figure 1B and Table 1).

Crystal structures of the LasR LBD bound to mBTL, BB0020, and BB0126 reveal an
alternative binding mode.

To understand how our active analogs are accommodated in the LasR ligand binding pocket,
we obtained X-ray co-crystal structures of LasR LBD bound to mBTL, BB0020, and
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BB0126. We chose these three complexes because each could be stably expressed and
purified to homogeneity from Escherichia coli. Our crystals diffracted to 1.5 A (mBTL), 2.2
A (BB0020), and 2.8 A (BB0126) (Figure 1C, Table 2, and Supplemental Figure 2A—C).
None of the other complexes, surprisingly including LasR bound to BB0231, yielded
diffracting crystals.

In the previously reported LasR:30C4,HSL structure3, the ligand acyl tail forms extensive
hydrophobic interactions with the hydrophobic walls of the binding pocket, with the
terminal carbon adjacent to residue Alal27 in p4 (Figure 2A). The phenyl rings of mBTL,
BB0020, and BB0126, bind in a different conformation, with the meta-positioned bromine
atoms of mBTL and BB0020 and the sulfonyl group of BB0126 residing near the backbone
of Leu39 in B1 (Figure 2A). In all cases, the ligands fill similar volumes in the LBD (Figure
2A). This finding is consistent with recent evidence suggesting that the LasR ligand binding
pocket is malleable and can accommodate a variety of ligands*! 55, As mentioned above,
LasR Trp60 forms a hydrogen bond with the ketone in the lactone head group of
30C12HSL. mBTL and BB0020 use this identical interaction for head group binding (Figure
2A). However, the head group of BB0126 is rotated approximately 150° into an opposite
orientation, causing the head group ketone to point toward residues Thr75 and Tyr93, at
distances of 3.3 A and 4.9 A, respectively. We call these two orientations the “canonical
binding mode” and the “alternative binding mode”, respectively.

The surprising finding of the alternative binding mode for BB0126, which differs from
BB0020 only by replacement of a bromine atom with a methylsulfonyl group in the tail,
indicates that the tail sulfonyl moiety can interact with LasR so as to cause the amide bond
connecting the head and tail to rotate and, thus, reorient the head group (Figure 2A).
Consequently, the carbonyl oxygen in the BB0126 head group hydrogen bonds with Thr75
(Figure 2A). The rotation of the head group eliminates the key stabilizing hydrogen-bonding
interaction with Trp60. The alternative hydrogen bond with Thr75 is longer (3.0 vs 3.3 A)
and therefore, presumably, weaker. We hypothesize that the methylsulfonyl moiety of
BB0126, being considerably more polar than the bromine moiety of BB0020, makes fewer
favorable stereoelectronic interactions within the hydrophobic tail binding pocket of
LasR3%-41, This change causes the ligand to shift within the pocket resulting in the
reorientation of the head group and, consequently, contributes both directly and indirectly to
the overall reduction in agonist potency (Figure 1B, 2A, and Table 1).

Mutational analysis of LasR to probe ligand interactions.

To explore the ramifications of the different ligand head group orientations on LasR activity,
we used our crystal structures to guide mutagenesis of the LasR ligand binding pocket
followed by analysis of mBTL, BB0020, and BB0126 agonism. We focused on residues
Thr75 and Tyr93 due to their potential roles in conferring the alternative binding mode to the
BB0126 ligand and on residue A127 for its role in accommodating the Al acyl tail (Figure
2A). We mutated Thr75 to Val and Tyr93 to Phe to eliminate the ability of these side chains
to form hydrogen bonds with the ligands, while conserving their space filling roles. We
mutated Alal27 to Trp to introduce a larger hydrophobic element into the binding pocket,
potentially enabling stabilization of the tails of the synthetic compounds. The LasR T75V
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and Y93F mutations caused, at most, a modest decrease in the potencies of 30CoHSL,
mBTL, and BB0020, with the ECs values increasing less than three-fold (Figure 2B and
Table 1). The LasR A127W mutation caused much larger (15- to 1000-fold) reductions in
the potencies of 30C1,HSL, mBTL, and BB0020 (Figure 2B and Table 1). Unexpectedly,
the potency of BB0126 was increased by all three mutations, with the ECs values at least 2-
to 6-fold lower (Figure 2B and Table 1). Similar reductions in ECsq values occurred for
BB0221 (Supplemental Figure 3A and Table 1), which also contains a sulfonyl tail group,
indicating that this moiety drives this structure-activity relationship. These results bolster our
structure-based hypothesis that the sulfonyl tail group is instrumental for the BB0126
alternative binding mode.

To explore the mechanism underlying the increased potency of BB0126 on the mutant LasR
proteins relative to that with WT LasR, we combined the LasR T75V, Y93F, and A127W
mutations and examined the consequences on the activities of the test compounds. ECsgg
values for the test molecules with all of the combinations of mutations are shown in Table 1.
As expected based on our data for the single point mutations in LasR, the double and triple
mutations reduced, sometimes drastically, the potencies of 30C1,HSL, mBTL, and BB0020
(Figure 3A). Strikingly however, combining mutations further increased the potency of
BB0126 (Figure 3A), with the triple mutation converting a Class Il molecule (ECgg = >3.1
UM) into a Class | molecule (ECsq = 50 nM) (Figure 3A and Table 1). In the case of
BB0221, both the potency and the efficacy increased in the LasR T75V/Y93F/A127W
mutant relative to WT (Table 1 and Supplemental Figure 3B). Presumably, these mutations
enable LasR to place BB0126 (and likely BB0221) into a highly stable conformation,
potentially a canonical binding conformation.

To determine whether triple mutation of LasR exclusively enhanced BB0126 and BB0221
activity, or whether the changes had broader consequences — for example, on Class |11
ligands — we tested the response of LasR T75V/Y93F/A127W to the Class 111 molecules
BB0272 and BB0273. Indeed, BB0272 and BB0273 had at least 5-fold and 7-fold lower
ECgq values for LasR T75V/Y93F/A127W than for WT LasR (Figure 3B and 3C,
respectively). Below, we focus on the LasR T75V/Y93F/A127W mutant protein because it
had the most pronounced effects on ligand potency.

The LasR T75V/Y93F/A127W mutation enhances BB0126 recognition in P. aeruginosa.

To examine the consequences that mutations altering LasR ligand preference have on QS-
controlled gene expression /n7 vivo, we engineered P. aeruginosa PA14 to express /asR
T75V/Y93F/A127W from the native /asR chromosomal locus and assayed rA/A expression
using a rAlA promoter fusion to mNeonGreen (prAl/A-mNG). We performed this analysis in a
AlJas/ parent strain to eliminate endogenously-produced Al. We tested 30C41,HSL, BB0020,
and BB0126. Figure 4A shows that WT LasR activated p/A2/A-mNG in response to
30C42HSL and BB0020, but not in response to BB0126. By contrast, LasR T75V/Y93F/
A127W activated the reporter in response to BB0020 and BB0126, but not in response to
30CoHSL.

To assess how alterations in ligand preference influence an endogenous LasR-controlled
behavior, we monitored the production of pyocyanin in response to 30C1,HSL, BB0020,
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and BB0126 in the A/as/strain containing WT LasR or LasR T75V/Y93F/A127W. WT
LasR induced pyocyanin production in response to 30C1,HSL, whereas LasR T75V/Y93F/
A127W did not (Figure 4B). Conversely, LasR T75V/Y93F/A127W responded to BB0126
while WT LasR did not (Figure 4B). As was the case for the pr#/A-mNG reporter, BB0020
activated both LasR alleles equally, resulting in nearly identical pyocyanin production levels
(Figure 4B).

interactions drive stability.

Our previous work showed that ligand potency for LasR tracked with the ability of the
ligand to stabilize the LasR protein, thus enhancing the solubility of the complex*!. To
determine whether this mechanism underpinned the differential activation of WT LasR by
the synthetic molecules, we assessed overall soluble protein levels as a measure of LasR-
ligand complex stability. Following growth at 37°C, we induced LasR LBD production in £.
coli at either 25°C or 37°C in the presence of 10 pM of our test compounds. At 25°C,
30C1»HSL, mBTL, BB0020, and BB0126 yielded soluble WT LasR LBD (Figure 5A and
5B). However, at 37°C, the WT LasR LBD was significantly less soluble in the presence of
BB0126 (Figure 5A and 5B). Thus, the LasR LBD:BB0126 complex is less stable than the
LasR LBD bound to 30C1,HSL, mBTL, or BB0020.

To explore the mechanism underlying the inability of BB0126 to stabilize LasR at high
temperature, we purified the LasR LBD bound to BB0126 and subjected it to thermal shift
analysis. LasR LBD:BB0126 (Figure 5C, black dotted line) was unstable above room
temperature, and therefore we could not calculate an accurate melting temperature. This
result is consistent with the findings from the solubility assay (Figure 5A and 5B). In the
presence of excess BB0126, however, LasR exhibited a melting temperature peak of 49.9°C
(Figure 5C, black solid line), indicating that as pre-bound ligand is released, exogenously
supplied ligand can bind and stabilize the protein. Exogenous 30C1oHSL (gray solid line)
was highly effective at binding to and stabilizing the LasR LBD as the BB0126 ligand was
released (Figure 5C). These results indicate that WT LasR is more stable when bound to
30C2HSL than BB0126, explaining the relative potencies of these molecules in activating
WT LasR.

To assess whether the increased potency of BB0126 for LasR T75V/Y93F/A127W could be
due to enhanced stability of the LasR T75V/Y93F/A127W:BB0126 complex compared to
the WT LasR:BB0126 complex, we purified the LasR LBD T75V/Y93F/A127W bound to
BB0126 for thermal shift analysis. This complex was stable and, unlike the WT complex,
displayed a well-defined melting transition (Tm = 46.8°C; cyan dotted line in Figure 5D).
Excess BB0126 further enhanced the Tm (solid cyan line). In contrast, excess 30C1oHSL
had no effect (solid gray line), consistent with its inability to activate LasR T75V/Y93F/
Al127W (Figure 3A). Notably, the finding that LasR T75V/Y93F/A127W:BB0126 is more
stable than WT LasR:BB0126 strongly supports the notion that the stability of the
LasR:ligand complex plays a major role in determining the potency of a ligand.

To further explore the relationship between ligand potency and the ability of ligands to
stabilize soluble LasR, we examined representative Class |11 molecules. Neither BB0272 nor
BB0273 could solubilize the WT LasR LBD (Figure 5E), likely leading to the low potency
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observed with these ligands. Conversely, the LasR T75V/Y93F/A127W LBD was
solubilized by BB0272 and even more so by BB0273 (Figure 5E), in good agreement with
the improvements in potency conferred to these two molecules by the triple mutation (Figure
3B, 3C and Table 1). These findings are not the result of LasR T75V/Y93F/A127W being
inherently more stable than WT LasR, as both LasR proteins were insoluble in the absence
of ligand (Figure 5E).

Crystal structure of LasR T75V/Y93F/A127W bound to BB0126 reveals a new mode of
binding for high-potency ligands.

To understand how the LasR low-potency ligand BB0126 becomes a high-potency ligand for
LasR T75V/Y93F/A127W, we determined the crystal structure of the LasR LBD T75V/
Y93F/A127W:BB0126 complex. Unlike WT LasR, the triple mutant binds the BB0126 head
group in the canonical orientation (Figure 6A, Table 2, and Supplemental Figure 2D).
Reorientation of the head group back to the canonical state is presumably caused by the loss
of hydrogen bonds between the head group carbonyl and Thr75 and/or Tyr93. Combined, the
mutations allow the ligand to adopt the high-potency head group conformation in the ligand
binding pocket. Additionally, the LasR A127W mutation shifts the sulfonyl group in the
meta-position of the tail phenyl ring by ~8 A compared to the LasR LBD:BB0126 structure
(Figure 6A). This change enables the sulfonyl-containing tail group to reside in a
conformation similar to those shown for the natural HSL Al tails in the CviR, TraR, and
SdiA structures, all of which are high potency agonists#L. We note that the observed shift in
the sulfonyl group is accommaodated by the displacement of LasR residue Arg61, which
normally forms a hydrogen bond with the ketone group at carbon 3 of the acyl tail of
30Cq,HSL (Figure 6B)3°. A similar shift is observed in the structure of the LasR LBD
bound to TP-1, a previously reported high-potency LasR agonist (Figure 6B and 6C)*0. A
more modest shift occurs in LasR LBD:mBTL (Figure 6B), likely due to the absence of
hydrogen bonding between LasR R61 and the mBTL tail. The R61A mutant exhibits
reduced potency for all ligands tested here (Supplemental Figure 4A-J and Table 1),
suggesting a general role for the R61 side chain in stabilizing LasR LBD:ligand complexes.

In conclusion, we note that every reported structure of a LasR LBD complexed with a high-
potency ligand shows the head group bound in the canonical mode. We interpret our results
with LasR LBD:BB0126 and LasR LBD T75V/Y93F/A127W:BB0126 to mean that having
the ligand head group in the canonical position could be a requirement for high potency.

Our structure of LasR LBD T75V/Y93F/A127W:BB0126 represents a new mode of binding
for the ligand tail group compared to 30C1oHSL, mBTL, and TP-1 (Figure 6D) as well as
all other published TP-1 derivatives??: 55, Indeed, each of the four ligands shown in Figure
6D adopts a distinct tail group conformation. It is now clear that LasR can accommodate a
diversity of ligands, especially in terms of the tail group, while maintaining high-potency
activation. This broad specificity is presumably enabled by a LasR binding pocket that is
remarkably plastic, with a strong preference to bind ligands as agonists. This feature might
explain why inhibitor campaigns targeting the LasR ligand binding pocket have, to date,
been unsuccessful in identifying high potency inhibitors.
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Theoretical models of LasR bound to different compounds have been put forward based on
the crystal structure of the LasR LBD:30C;,HSL complex3°. One goal of such modeling
efforts has been to infer the kinds of compounds that would act as LasR inhibitors. For
example, molecular docking of inhibitory compounds in the LasR LBD suggested that
ligands could bind in an alternative conformation, with head group carbonyl or hydroxyl
moieties interacting with LasR residues Asn73, Thr75, and Tyr9339, in an orientation similar
to what we observe for BB0126 in our structural analysis. It was suggested that compounds
containing acyl tails and modified head groups would adopt unfavorable (i.e., inhibitory)
conformations due to steric hindrance between residues in the LasR ligand binding site and
the modified head groups3®. Indeed, such steric hindrance likely drives head group
reorientation for BB0126, as discussed above. The authors proposed that such compounds
should be explored as LasR inhibitors®6-61, These theoretical predictions are borne out by
the crystal structure of LasR LBD:BB0126, with the crucial difference that reorientation
does not yield inhibition. Rather, BB0126 is a weak agonist. Our findings suggest that
because LasR can bind molecules in markedly different orientations, and moreover can
structurally rearrange the ligands into conformations that stabilize and activate the protein, it
will be challenging to design an inhibitory ligand that competes effectively with 30C1,HSL
and destabilizes LasR in vivo.

The mechanism of inhibition proposed from these earlier theoretical studies differs from the
one we reported for CviR inhibition by the small molecule antagonist chlorolactone (CL)2.
CL and mBTL differ in that the former has a lactone and the latter has a thiolactone head
group. Also, on the phenyl rings, chlorine is in the para-position in CL and bromine is in the
meta-position in mBTL (Supplemental Figure 5A). CL functions as a CviR inhibitor by
stabilizing a “closed” configuration in which the DNA-binding domains pack against the
LBDs in a configuration that is incompatible with DNA binding®2. The CviR:CL contacts
differ from the LasR:mBTL contacts we observe (Supplemental Figure 5B). When the two
complexes are aligned, the substituted phenyl rings of CL and mBTL are nearly 9 A apart
(Supplemental Figure 5B). Docking studies suggest that, when bound to the LBD of LasR,
CL would adopt a conformation similar to that of mBTL (Supplemental Figure 5C). This
notion, coupled with our structure-function studies of the LasR LBD:BB0126 interaction,
suggest that the mechanism underlying antagonism in one LuxR-type family member might
not be applicable to another family member even if the receptors naturally accommodate
nearly identical HSL ligands.

LasR inhibition via ligand-induced destabilization of LasR continues to be a challenging
goal, and alternative approaches that interrogate different features required for activity such
as DNA binding or RNA polymerase engagement should be explored. To successfully do so
will likely require structures of full-length LasR bound to DNA and/or to RNA polymerase.
Toward that end, the work presented here should prove informative for establishing highly
stable LasR:ligand complexes amenable to crystallography.
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METHODS

Strain construction.

lasR mutations were constructed on the pBAD-/asR plasmid. Primers were designed using
the Quikchange primer design tool and PCR was carried out with the pFUItra polymerase kit
(Agilent). PCR reactions were incubated with Dpnl for 30 min to digest parental plasmid
DNA. Plasmids with mutant /asR genes were transformed into One Shot TOP10 chemically
competent £. coli cells (Invitrogen). Transformants were plated on LB agar plates containing
ampicillin (50 pg/mL), individual colonies were selected, and they were screened for
mutations via sequencing with primers flanking the /asR gene (ARM203 and ARM204). In-
frame, marker-less mutations were made as previously described*!. Primers and strains used
in this study are listed in Supplemental Table 1 and Supplemental Table 2, respectively.

E. coli reporter assay and data processing.

TOP10 E. coli cells (Invitrogen) containing pBAD-/asR and plasB-luxCDABE were grown
overnight in 3 mL of LB medium containing ampicillin (100 pg/mL) and kanamycin (50
pg/mL) at 37°C. Cultures were back-diluted 1:1000 and grown in fresh medium containing
antibiotics at 37°C until Aggg = 0.5 or for ~4 h. For dose response assays with different
compounds, 100x stocks were generated in DMSO. 10 mM stocks of all compounds were
serially diluted in DMSO and 1 pL of ligands were added to 100 pL of cell culture. Assays
were carried out in 96-well plates (Corning). Plates were incubated at 30°C for 4 h and
bioluminescence was measured on an Envision 2103 Multilabel Reader (PerkinElmer Life
Sciences) with a measurement time of 0.1s. Aggg was measured using a photometric 600-nm
filter at 100% light emission. Relative light units (RLU) were calculated by dividing the
bioluminescence measurement by the Aggg measurement. To determine ECs values, RLU
versus agonist concentration data were fit using a variable slope model (four-parameter
dose-response curve) using GraphPad Prism. Data for the highest concentrations (>10 uM)
of mBTL, BB0020, and BB0126 were excluded, since they were influenced by non-LasR-
dependent inhibition of luciferase. Nonetheless, all data points are shown in the graphs for
completeness. The R? values for each fit are displayed in Supplemental Table 3. When a lack
of data at sufficiently high ligand concentration precluded accurate ECgq determination, the
provided values are denoted in Table 1 as “>X". When molecules did not activate LasR at
even the highest concentrations tested, ECsq values are denoted in Table 1 as non-responsive
(NR).

Protein production, purification, and crystallography.

Recombinant 6xHis-LasR LBD and 6xHis-LasR LBD T75V/Y93F/A127W proteins bound
to 30C1,HSL, mBTL, BB0020, and BB0126 were expressed in £. coliBL21 (DE3) cells
(Invitrogen). The strains were supplied with 1 mM isopropyl p-D-1-thiogalactopyranoside
(IPTG) and 100 pM of test compound and grown for 4 h at 25°C. The cells were harvested
via centrifugation at 16,100 x g for 15 min. LasR complexes were purified as previously
described for LasR LBD:30C1,HSL using Ni-NTA affinity columns (Qiagen) followed by
size exclusion chromatography (GE Healthcare)38. 6xHis-LasR LBD and 6xHis-LasR LBD
T75VIY93F/A127W proteins complexed with mBTL, BB0020, and BB0126 were
crystallized by the hanging drop diffusion method. Diffraction data were processed using the
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HKL-300 software package83. The structures were solved using Phaser in Phenix by
molecular replacement, with the structure of LasR LBD:30C1,HSL used as the search
model39: 64. 65 Model building was performed using Coot56 and further refinement was
accomplished using Phenix®4,

Thermal shift assay.

Thermal shift analyses of 6xHis-LasR LBD and 6xHisLasR LBD T75V/Y93F/A127W
bound to 30C1,HSL and BB0126 were performed as previously described38, Briefly,
ligand-bound LasR protein was diluted to 5 uM in reaction buffer (20 mM Tris-HCL pH 8,
200 mM NaCl, and 1 mM DTT (dithiothreitol)) containing either DMSO, 10 uM
30C2HSL, or 10 uM BB0126 in 18 pL total volume. The mixtures were incubated at room
temperature for 15 min. 2 pL of 200x SYPRO Orange (Thermo-Fisher) was added to the 18
uL sample immediately prior to the assay. Samples were subjected to a linear heat gradient
of 0.05°C/s, from 25°C to 99°C in a Quant Studio 6 Flex System (Applied Biosystems)
using the melting curve setting. Fluorescence was measured using the ROX reporter setting.

Protein solubility assay.

E. coli BL21 DE3 (Invitrogen) containing plasmid-borne 6xHis-LasR LBD or 6xHis-LasR
LBD T75V/Y93F/A127W were grown overnight and back diluted 1:500 in 20 mL of LB
medium containing ampicillin (100 pg/mL). Cultures were grown to ODggg of 0.5 and
protein production was induced with 1 mM IPTG. Upon addition of IPTG, the desired test
compound was also added at a final concentration of 10 uM, and the cultures were incubated
at 25°C or 37°C with shaking for 4 h. Cells were harvested and soluble fractions were
obtained as previously described38.

P. aeruginosa PA14 rhIA-mNG reporter assay.

P, aeruginosa PA14 strains carrying WT and mutant /as” genes and the prA/A-mNG reporter
fusion on the chromosome were grown overnight and, subsequently, diluted 1:1000 in 2 mL
of LB medium. 30C,HSL, BB0020, and BB0126 were added at 10 uM and cultures were
grown at 37°C for 8 h. The cultures were pelleted via centrifugation at 845 x g and cells
were resuspended in 2 mL of PBS. 200 pL of cells were transferred to a 96-well plate
(Corning) and fluorescence was measured using an Envision 2103 Multilabel Reader (Perkin
Elmer) using the FITC filter with an excitation of 485 nm and emission of 535 nm. In
parallel, cell density was measured by Aggg on a UV/vis spectrophotometer (Beckman
Coulter).

Pyocyanin assay.
Overnight cultures of the P aeruginosa PA14 Alasl and Alasl lasR T75V YI93F A127W
strains were grown in LB medium with shaking at 37°C. 100 uL of each culture was diluted
into 3 mL of fresh LB medium and shaken at 37°C for 8 h. Subsequently, 2 uL of each
culture was diluted into 2 mL of fresh LB medium, and DMSO or appropriate compounds
were added at the concentrations described in the figures. Cultures were shaken at 37°C for
17 h. 1 mL aliquots were removed and cell density (ODggg nm) was measured using a
Beckman Coulter DU730 spectrophotometer. The aliquots were subjected to centrifugation
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at 16,100 x g for 2 min and the clarified supernatants were removed. The ODggs nm of the
supernatants were measured. Pyocyanin activity was determined as the ODggs nm/ODggg Nm
for each strain.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structure activity relationship for Al analogsand LasR.
A) Structure of the LasR cognate Al, 30C1oHSL, a previously reported agonist, mBTL, and

the Al analogs developed and studied here. B) Dose response analyses for the test
compounds using the £. coli lasB-lux reporter strain that contains LasR. RLU is defined as
light production per OD (see Methods). Dose response data are depicted as curve fits with
the raw data plotted as individual points. Error bars represent SEM, 7=3. At high
concentrations of mBTL, BB0020, and BB0126, reductions in light levels occur due to off-
target (i.e., non LasR-directed) inhibition of luciferase. In these instances, the data points
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from those concentrations were omitted from the curve fit analyses. C) Crystal structures of
LasR LBDs bound to two Class | molecules, mBTL (left) and BB0020 (middle), and a Class
I1 molecule, BB0126 (right).
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E_igg_re 2. Crystal structure of LasR LBD bound to BB0126 reveals an alternative mode of
nding.

A) Cr;?stal structures of the LasR LBD bound to 30C1,HSL (top left; black; PDB: 2UV039),
mBTL (top right; red), BB0020 (bottom left; green), and BB0126 (bottom right; blue). Note
that the orientation of the ketone in the lactone head group of BB0126 points in the opposite
direction to those in the other three structures. In the structures with 30C41,HSL, mBTL, and
BB0020, the W60 residue interacts with the head group ketone whereas in the structure with
BB0126, T75 and Y93 are highlighted because of their putative roles in accommodating the
alternative mode of binding. Residue A127 is highlighted in the structure with 30C;,HSL
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and L39 is highlighted in the other three structures for their roles in tail interactions.
Important hydrogen bonds are depicted as black dotted lines and the calculated bond
distances (A) are shown. B) Dose response analyses using the £. coli lasB-lux reporter strain
that produces WT LasR (black), LasR T75V (red), LasR Y93F (blue), and LasR A127W
(purple) with 30C12HSL (top left), mBTL (top right), BB0020 (bottom left), and BB0126
(bottom right). Dose response data are depicted as curve fits with the raw data plotted as
individual points. Error bars represent SEM, /7=3. At high concentrations of mBTL,
BB0020, and BB0126, reductions in light levels occur due to off-target (i.e., non LasR-
directed) inhibition of luciferase. In these instances, data points from those concentrations
were omitted from the curve fit analyses.
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Figure 3. LasR T75V/Y93F/A127W enhances BB0126, BB0272, and BB0273 potency.
A) Dose response analyses using the £. coli lasB-/ux reporter strain that contains WT LasR

(black), LasR T75V/Y93F (orange), LasR Y93F/A127W (green), LasR T75V/A127TW
(magenta), and LasR T75V/Y93F/A127W (cyan) to 30C1,HSL (top left), mBTL (top right),
BB0020 (bottom left), and BB0126 (bottom right). B) As in panel A for the BB0272 ligand.
C) As in panel A for the BB0273 ligand. Dose response data are depicted as curve fits with
the raw data plotted as individual points. Error bars represent SEM, 7=3. At high
concentrations of mBTL, BB0020, and BB0126, reductions in light levels occur due to off-
target (i.e., non LasR-directed) inhibition of luciferase. In these instances, data points from
those concentrations were omitted from the curve fit analyses.

ACS Chem Biol. Author manuscript; available in PMC 2020 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Paczkowski et al. Page 22

A B
600000 * ns —~ 0.20-
= s *
o (|
e I aQ
= " Q..—. 0.15-
O 400000- - @ ns
) T Q — *
z Q. 0.10+ —
£ E
< 200000+ c
£ > 0.05-
B | : []
>
o
0~ T T T T 0.00- T
0 v Q o /o) v o o
R & X2 S > Q

 WT
3 T75V/Y93F/A127TW

Figure 4. LasR T75V/Y93F/A127W enhances BB0126 efficacy in P. aeruginosa.
A) The rhlIA promoter was fused to mNeonGreen (MNG) ad introduced into the endogenous

rhlA locus in the chromosome of A/as/ P aeruginosa PAl4. Either WT /asR (black) or /asR
T75V/YI93F/A127W (white) was engineered into the /asR chromosomal locus. Strains were
grown to ODggp = 2.0 and the responses to 10 uM 30C1,HSL, BB0020, or BB0126 were
monitored by measuring fluorescence. B) As in panel A except pyocyanin production was
measured by Aggs. Error bars represent SEM, r7=3.Statistical significance was determined by
multiple t-tests comparing grouped columns. * P < 0.005.
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Figure5. Ligand potency drivesLasR stability.
A) Comparison of whole cell lysates (WCL) and the soluble fractions (S) from E£. coli

overexpressing the LasR LBD after 4 h of protein induction at 25°C or 37°C in the presence
of 10 uM 30C1,HSL, mBTL, BB0020, or BB0126. B) Quantification of the data in panel A
as the fraction of soluble protein at induction temperatures of 25°C (black) and 37°C
(white). The fraction of soluble protein was calculated by dividing the quantified band
intensity of the soluble fraction (S) by the quantified band intensity of the whole cell lysate
(WCL). C) Thermal shift analyses of LasR LBD:BB0126 without additional BB0126
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(dotted black line), with additional BB0126 (solid black line), or with additional 30C;,HSL
provided (solid gray line). All molecules were supplied at 10 pM. D) Thermal shift analyses
of LasR LBD T75V/Y93F/A127W:BB0126 without additional BB0126 (dotted cyan line),
with additional BB0126 (solid cyan line), or with additional 30C1,HSL (solid gray line).
All molecules were supplied at 10 uM. E) Comparison of whole cell lysates (WCL) and the
soluble fractions (S) from E. coli overexpressing LasR LBD T75V/Y93F/A127W in the
absence of ligand (DMSO) or in the presence of 30C1,HSL, BB0272, or BB0273.
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Figure6. Crystal structure of LasR LBD T75V/Y93F/A127W bound to BB0126 revealsthe
canonical binding mode for theligand head group and a new binding mode for the ligand tail

group.
A) Crystal structures of the LasR LBD (left; silver) and LasR LBD T75V/Y93F/A127W

(right; cyan), both bound to BB0126 (blue). LasR residues 75, 93, and 127 are highlighted in
both structures. LasR residue W60 is highlighted in the LasR LBD T75V/Y93F/A127W
structure because, due to the reorientation of the BB126 head group, W60 forms a hydrogen
bond with the ligand. Important hydrogen bonds are depicted as black dotted lines and the
calculated bond distances (A) are shown. B) Crystal structures of LasR LBD (top left,
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bottom left, and bottom right) and LasR LBD T75V/Y93F/A127W (top right) bound to
30C2HSL (black), BB0126 (blue), mBTL (red), and TP-1 (magenta; PDB: 31X4). Note the
orientation of LasR R61 relative to its respective ligand across all four structures. C)
Structure of the LasR agonist called TP-1%7. D) Composite model of LasR LBD bound to
30C2HSL (black), BB0126 (blue), mBTL (red), and TP-1 (magenta; PDB: 31X4).
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