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ABSTRACT: The enzyme PvdQ (E.C. 3.5.1.97) from Pseudomonas aeruginosa is an N-terminal nucleophile hydrolase that
catalyzes the removal of an N-myristyl substituent from a biosynthetic precursor of the iron-chelating siderophore pyoverdine.
Inhibitors of pyoverdine biosynthesis are potential antibiotics since iron is essential for growth and scarce in most infections.
PvdQ also catalyzes hydrolytic amide bond cleavage of selected N-acyl-L-homoserine lactone quorum-sensing signals used by
some Gram-negative pathogens to coordinate the transcription of virulence factors. The resulting quorum-quenching activity of
PvdQ has potential applications in antivirulence therapies. To inform both inhibitor design and enzyme engineering efforts, a
series of n-alkylboronic acid inhibitors of PvdQ was characterized to reveal determinants of ligand selectivity. A simple
homologation series results in compounds with Ki values that span from 4.7 mM to 190 pM, with a dependence of ΔGbind values
on chain length of −1.0 kcal/mol/CH2. X-ray crystal structures are determined for the PvdQ complexes with 1-ethyl-, 1-butyl-, 1-
hexyl-, and 1-octylboronic acids at 1.6, 1.8, 2.0, and 2.1 Å resolution, respectively. The 1-hexyl- and 1-octylboronic acids form
tetrahedral adducts with the active-site N-terminal Ser217 in the β-subunit of PvdQ, and the n-alkyl substituents are bound in the
acyl-group binding site. The 1-ethyl- and 1-butylboronic acids also form adducts with Ser217 but instead form trigonal planar
adducts and extend their n-alkyl substituents into an alternative binding site. These results are interpreted to propose a ligand
discrimination model for PvdQ that informs the development of PvdQ-related tools and therapeutics.

The clinical need for effective drugs to combat antibiotic
resistant infections has fueled interest in novel anti-

bacterial and antivirulence strategies. In the pursuit of agents to
counter Pseudomonas aeruginosa infections, two of these
strategies, blocking siderophore biosynthesis1 and blocking
quorum-sensing,2 intersect in the study of a hydrolytic enzyme
in the N-terminal nucleophile hydrolase superfamily3 called
PvdQ (E.C. 3.5.1.97).4,5 This periplasmic6 enzyme uses an N-
terminal Ser residue and covalent catalysis to hydrolyze an N-
myristic (or N-myristoleic7) acid substituent from a bio-
synthetic precursor of the iron-scavenging siderophore
pyoverdine (also spelled pyoverdin, Figure 1).7−10 P. aeruginosa
strains lacking a functional PvdQ do not produce pyoverdine,5

are severely growth impaired at low iron concentrations,11 and
have reduced virulence in a Caenorhabditis elegans infection
model.11 Other pyoverdine-deficient strains of P. aeruginosa

show growth inhibition in iron-deficient media,12 in a chronic
lung infection rat model,13 in a mouse intraperitoneal infection
competition assay,13 and in a mouse infected burn model.12

Small molecule PvdQ inhibitors have recently been developed
to achieve this antibiotic effect.9,10,14 In addition to the
pyoverdine precursor substrate, PvdQ can also hydrolyze the
amide bond in N-acyl-L-homoserine lactone quorum-sensing
signals used by numerous Gram-negative bacteria.4,10,15 Of the
signals produced by P. aeruginosa, N-butanoyl-L-homoserine
lactone is not hydrolyzed by PvdQ,4 and N-3-oxo-dodecanoyl-
L-homoserine lactone appears to be a disfavored substrate due
to its 3-oxo substituent (Figure 1).10 Nevertheless, PvdQ
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overepxression is sufficient to inhibit P. aeruginosa quorum
sensing and reduce virulence in a C. elegans infection model,15

and formulations of the purified protein have been developed
to facilitate inhalational therapies.16 Recent efforts have also re-
engineered PvdQ to improve hydrolysis of the substrate N-
octanoyl-L-homoserine lactone and effectively applied this
variant enzyme as an antivirulence agent in a moth larvae
model of Burkholderia infection.17 Therefore, the development
of more effective PvdQ variants as therapeutic enzymes is also
of interest.
However, both the design of small molecule PvdQ inhibitors

and the engineering of PvdQ selectivity are hampered, in part,
by two unresolved aspects of ligand recognition. First, the
mechanism of substrate discrimination has not been fully
determined. Previously, a hydrophobic “acyl-group” binding
site in PvdQ was identified through X-ray crystallography and
probed by site-directed mutagenesis.8−10,17 By steric occlusion,
the limited size and shape of this cavity likely disfavor the
binding and processing of substrates too large to be
accommodated. For example, comparison of structural models
and steady-state kinetic analysis suggests that a narrowing of the
acyl-group binding site near P238 and the backbone of H284
disfavors processing of N-3-oxo-dodecanoyl-L-homoserine
lactone approximately 100-fold10 over unsubstituted substrates.
However, since steric occlusion of smaller compounds is not a
likely mechanism, it is unclear how PvdQ excludes potential
substrates with n-acyl substituents containing ≤8 carbons, such
as N-butanoyl-L-homoserine lactone.4,10 Second, inhibitors that
target the “head-group” binding site found in PvdQ have not

been reported. This headgroup binding site is much larger and
more functionally diverse than the acyl-group binding site and
is expected to accommodate the diverse leaving groups of
various substrates, including the large cyclic peptide of the
pyoverdine precursor. Potent PvdQ inhibitors derived from
high-throughput screening all bind deep within the hydro-
phobic acyl-group binding site and, with the exception of ≤2 H-
bond(s) each, appear to derive their binding energy through
hydrophobic interactions.9,14 Specific H-bonding often drives
inhibitor selectivity18 and contributes to the enthalpic
component of binding favored in drug lead identification,19

so targeting the more polar headgroup binding site is desirable.
However, apart from the reversible covalent S217−Oγ-boron
bond formed by n-alkylboronic acids (Figure 1),10 PvdQ
inhibitors that instead target the catalytic residues or the more
polar headgroup binding site are not known.
Although fatty acids and substrates with n-alkyl substituents

≤8 carbons are not well bound or processed by PvdQ,4,10 we
reasoned that the enhanced affinity of n-alkylboronic acids,
which are approximately 5000-fold more potent than
structurally similar fatty acids,10 might enable us to characterize
the interaction of PvdQ with ligands bearing shorter n-alkyl
chains. Characterization of the binding of smaller ligands may
help to elucidate how N-butanoyl-L-homoserine lactone and
other structurally related signals avoid PvdQ processing. So, to
better define the mechanism of PvdQ substrate discrimination
and to reveal determinants of ligand recognition and
discrimination, we report here the affinity and structural
characterization of a series of n-alkylboronic acid inhibitors.

■ MATERIALS AND METHODS
Materials. Unless otherwise noted, all chemicals were from

Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). 1-
Ethylboronic acid (C2-B(OH)2), 1-propylboronic acid (C3-
B(OH)2), 1-butylboronic acid (C4-B(OH)2), 1-hexylboronic
acid (C6-B(OH)2), and 1-octylboronic acid (C8-B(OH)2)
were from Alfa Aesar (Ward Hill, MA, USA). Boronic acids
with longer n-alkyl substituents were obtained and abbreviated
as described previously.10 Graphing and curve fitting was
performed using KaleidaGraph 3.6 (Synergy Software, Reading,
PA, USA).

Expression and Purification of PvdQ. Recombinant P.
aeruginosa PvdQ containing a C-terminal His6-affinity tag was
expressed and purified in Tuner (DE3) pLysS Escherichia coli
cells (EMD Millipore) and stored in 10% (v/v) glycerol at −80
°C as described previously.10

Determining n-Alkylboronic Acid Ki Values. Determi-
nation of potency for C2-, C3-, C4-, and C6-B(OH)2 inhibition
of purified PvdQ was accomplished using procedures similar to
those described previously.10 Briefly, stock solutions of the
colorimetric PvdQ substrate (4-nitrophenyl dodecanoate)9,10

were prepared in methanol and stock solutions of each n-
alkylboronic acid inhibitor in DMSO. Continuous spectropho-
tometric kinetic assays were used to determine initial hydrolysis
rates by mixing substrate (5 μM), and n-alkylboronic acid
inhibitor (ranging from 0.002−60 mM depending on the
compound, typically with three concentrations above and
below each IC50 value) in Na2HPO4 buffer (40 mM) at pH 8.0
and 25 °C, each reaction being made to a final 20% methanol
cosolvent10 concentration in a disposable 1 mL polystyrene
cuvette (Thermo Fisher). Each reaction was initiated by
addition of purified PvdQ (10 nM) and product formation was
monitored by measuring the increase in absorbance at 402 nm

Figure 1. Selected PvdQ ligands and related compounds. The
common n-alkyl substituent is colored in blue and the differing
“head groups” are in black for the N-myristylated pyoverdine
precursor7 (1, with the glutamine residue linker in green), the P.
aeruginosa quorum-sensing signals N-butanoyl-L-homoserine lactone
(2) and N-3-oxo-dodecanoyl-L-homoserine lactone (3), and the
transition state analogue 1-tridecylboronic acid (4). An alternate
version of the N-myristylated pyoverdine precursor has also been
proposed in which cyclization of the quinolone chromophore of
mature pyoverdine has already taken place.9
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continuously, using an ε402nm = 13 000 M−1 cm−1 that was
determined experimentally using assay buffer and a p-
nitrophenol standard. As a benchmark for solubility of the
more hydrophobic compounds tested, we considered the
critical micelle concentration values of the structurally related
compounds N-dodecanoyl-L-homoserine lactone (4 μM), N-3-
oxo-dodecanoyl-L-homoserine lactone (247 μM), and the ring-
opened compound N-dodecanoyl-L-homoserine (>400 μM),20

which were all significantly higher than the concentrations used
here for ligands of similar length, even without considering the
effects of methanol cosolvent, which is known to significantly
increase the critical micelle concentration value of a common
detergent.21 Plots of n-alkyboronic acid concentration versus
percent inhibition were fitted to the equation: % inhibition =
(100/(1 + (IC50/[I])

h)), where [I] stands for the concentration
of n-alkylboronic acid and h for the Hill coefficient. The Hill
coefficient was kept variable as a diagnostic method to flag
compounds that might cause inhibition by inducing protein
denaturation or inhibit as their micellular forms (h ≫ 1), or to
flag compounds that might aggregate or become insoluble at
higher concentrations (h ≪ 1).22 The Hill coefficients for this
compound series were all determined by fitting to be within the
0.7−0.9 range and so were not flagged as inhibitors with
problematic inhibition mechanisms. Using a competitive
inhibition model, IC50 values were converted into Ki values
using the equation:23 IC50 = Ki(1 + ([S]/KM)), where [S] is the
substrate concentration (5 μM), and KM = 0.8 μM.10

Compounds C2-, C3-, C4-, and C6-B(OH)2 were not tight-
binding inhibitors and so did not require the analysis described
previously for the longer-chained more-potent n-alkylboronic
acids.10 The ΔGbind values were calculated for each compound
using the equation: ΔG = −RT ln(1/Ki), where R = 1.98 cal/
Kmol and T = 298 K. Propagated errors are derived from the
initial fitting errors for IC50 values.
Crystallization, Crystal Soaking, and Data Collection.

Crystals of purified PvdQ were grown via hanging drop vapor
diffusion by mixing 1 μL of PvdQ (10 mg/mL) with 1 μL of
reservoir solution (Hepes (50 mM) at pH 7.5; RbCl (80 mM);
PEG-4000 (10% (w/v)). Crystals were grown at ambient
temperature (approximately 25 °C) and displayed good
morphology within 5 days. Diffraction quality crystals were
soaked in reservoir solution supplemented with n-alkylboronic
acid inhibitors (10 mM of C2-, C4-, C6-B(OH)2, or 20 μM of
C8-B(OH)2), methanol (50% v/v) and glycerol (20% v/v) as
cryoprotectant before flash freezing in liquid nitrogen.
Crystallographic data were collected on beamline 23-ID-B
and 23-ID-D of GM/CA-CAT at the Advance Photon Source
(APS) using X-rays of 1.054 Å wavelength and a Rayonix
(formerly MAR-USA) 4 × 4 tiled charge coupled device
(CCD) detector. All data were indexed, integrated, and scaled
with software suite HKL2000.24

Phasing, Model Building, and Refinements. Rigid body
refinement was used directly for phasing by starting with our
previous model (protein data bank (PDB) accession code
4M1J)10 after water molecules and the bound inhibitor (C13-
B(OH)2) were deleted from the coordinates. Refinement of the
protein/inhibitor complex structures were carried out by
restrained refinement using Refmac525 and further manual
model inspection and adjustment using Coot.26 After refine-
ments converged, solvent molecules (water and glycerol) were
added in several rounds. Ligand coordinates were not included
in each refinement until the very last cycles. The Fo−Fc
difference maps, before incorporation of ligands in the

structures, of all four complexes showed well-defined electron
density for the corresponding ligands. The inhibitors’ structures
were created in ChemDraw (PerkinElmer), and the program
JLigand27 was used to regularize the molecules and to generate
chemical restraints. Inhibitors were fit into the residual electron
density using Coot.26 Further refinements were carried out
using Refmac5 and PHENIX.refine.28 The R factor and Rfree for
PvdQ soaked with C2-, C4-, C6- and C8-B(OH)2 were 15.9/
19.0, 16.5/19.2, 18.2/21.5, and 15.1/19.3, respectively.
Structural analysis and comparison, including RMSD calcu-
lations and figure preparation, were completed using UCSF
Chimera.29

■ RESULTS AND DISCUSSION
To better elucidate ligand interactions with PvdQ, we
determined the Ki values for a series of boronic acids bearing
n-alkyl substituents 2−15 carbons in length (Table 1 and Figure

Table 1. Ki and ΔGbind Values for n-Alkylboronic Acid
Inhibition of PvdQ

inhibitor Ki (M) ΔGbind (kcal/mol)

C2-B(OH)2 (2.0 ± 0.4) × 10−3 −3.7 ± 0.2
C3-B(OH)2 (4.7 ± 0.8) × 10−3 −3.1 ± 0.2
C4-B(OH)2 (5.5 ± 0.9) × 10−4 −4.4 ± 0.2
C6-B(OH)2 (2.1 ± 0.4) × 10−6 −7.7 ± 0.2
C8-B(OH)2

a (1.61 ± 0.03) × 10−7 −9.23 ± 0.02
C10-B(OH)2

a (1.1 ± 0.4) × 10−9 −12.2 ± 0.4
C12-B(OH)2

a (1.9 ± 0.2) × 10−10 −13.2 ± 0.1
C13-B(OH)2

a (2.0 ± 0.4) × 10−10 −13.2 ± 0.2
C14-B(OH)2

a (1.0 ± 0.3) × 10−9 −12.2 ± 0.3
C15-B(OH)2

a (8.3 ± 0.9) × 10−9 −11.0 ± 0.1
aValues taken from Clevenger et al.10

Figure 2. Ki value variation with n-alkyl chain length. Inhibition
constants for a series of n-alkylboronic acids vary from mM to pM
values, depending on n-alkyl chain length. An exponential fit to the Ki
values (log scale) for C6-, C8-, C10-, and C12-B(OH)2 inhibitors (●)
is shown, while the shorter and longer inhibitors (■) are excluded
from fitting (see Results and Discussion). A corresponding linear fit to
the ΔGbind values for these four inhibitors (not shown) gives a slope of
−1.0 ± 0.1 kcal/mol/CH2, showing the average change in binding
energy as the n-alkyl chain length varies, and an intercept of −1.8 ± 1
kcal/mol, predicting the binding energy of boric acid (an n-alkyl chain
length of zero).
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2). The affinities vary over a wide scope, with Ki values ranging
from 4.7 mM (C3-B(OH)2) to 190 pM (C12-B(OH)2), an
impressive span of 8 orders of magnitude for a simple
homologation series. In general, affinity increases with chain
length, although n-alkylboronic acids with substituents ≥13
carbons in length fall off this trend. This deviation likely reflects
steric occlusion of the inhibitors due to the limited size of the
acyl-group binding pocket in PvdQ. The C13-B(OH)2 inhibitor
is structurally homologous to the myristic acid substituent of
the pyoverdine precursor substrate7 and indicates that PvdQ
appears to have been evolutionarily optimized for efficient
catalysis of substrates containing this length n-alkyl substituent.
Binding affinity increases exponentially with n-alkyl chain

length, and a corresponding plot of ΔGbind values shows a linear
dependence from C6- through C12-B(OH)2 compounds
(Figure 2). Excluding longer compounds, which are likely
sterically occluded, and shorter compounds, which bind in a
different conformation (vide infra), inhibitor affinity increases
by −1.0 ± 0.1 kcal/mol/CH2. Extrapolation to a chain length of
zero estimates a Ki for borate of ∼50 mM (Figure 2). To put
these values in context, the dependence of binding energy on
chain length reveals a more favorable value than that measured
for partitioning of small molecules between water and n-octanol
(−0.68 kcal/mol/CH2),

30,31 approaches the contribution of
buried hydrophobic residues to protein stability (−1.3 kcal/
mol/CH2),

32 and falls short of the predicted maximum affinity
of ligands to proteins (−1.5 kcal/mol/atom,33 although this
limit can be exceeded in particular cases34). Thorpe and co-
workers reported a similar analysis for binding a series of n-

alkyl-S-coenzyme A derivatives to medium-chain acyl-CoA
dehydrogenase and found a similar exponential dependence of
Kd on chain length that spans 5 orders of magnitude, but with a
weaker dependence of −0.39 kcal/mol/CH2.

35 Therefore, this
portion of the PvdQ acyl-group binding pocket appears to be
highly optimized for hydrophobic binding of n-acyl substitu-
ents.
To investigate the conformations of different sized ligands

bound to PvdQ, we determined the crystal structures of PvdQ
in complex with the C8-, C6-, C4- and C2-B(OH)2 inhibitors,
at 1.6−2.1 Å resolutions. Data collection and processing
statistics are given in Table 2. Protein residues in the resulting
heterodimer are numbered consecutively, as described
previously,10 with the N-terminal Ser in the β-chain assigned
as Ser217. The resulting structural models of the PvdQ:C8-
B(OH)2 and PvdQ:C6-B(OH)2 complexes were very similar
overall to the previous structure we reported for the
PvdQ:C13-B(OH)2 complex,10 each showing an RMSD of
approximately 0.2 Å and revealing that the N-terminal S217
residues all adopt nearly identical conformations. Both models
are consistent with the formation of a new dative covalent bond
between the active-site S217−Oγ and the boron of the inhibitor
(Figure 3A,B,E), resulting in an anionic tetrahedral adduct that
mimics the second proposed tetrahedral transition state in
substrate turnover, as was observed earlier with C13-B(OH)2.

10

On the basis of the simulated annealing omit density maps
(Fo−Fc) shown, the n-alkyl substituent of C8-B(OH)2 is more
stable than that of C6-B(OH)2 and corresponds with the higher
affinity of this compound. The n-alkyl substituents of these

Table 2. Crystallographic Data for PvdQ/Inhibitor Complexes

PvdQ:C2-B(OH)2 PvdQ:C4-B(OH)2 PvdQ:C6-B(OH)2 PvdQ:C8-B(OH)2

Data Processing
space group C2221 C2221 C2221 C2221
cell dimension

α, β, γ (deg) 121.9; 167.5; 94.5 121.3; 167.5; 95.0 121.1; 168.2; 94.9 120.7; 166.5; 94.5
a, b, c (Å) 90; 90; 90 90; 90; 90 90; 90; 90 90; 90; 90

resolution (Å) 42.6−1.6 47.5−1.8 39.0−2.0 47.3−2.1
Rmerge (%)

a 7.8 (83.4)b 15.9 (100)b 24.1 (100)b 13.4 (81.3)b

I/σ(I) 12.7 (1.4) 10.1 (1.2) 5.4(1.6) 13.1(3.1)
completeness (%) 99.5(100) 99.9(100) 99.2(98.7) 99.9(99.7)
multiplicity 3.8 (3.7) 5.7 (5.8) 5.1 (5.1) 7.5 (7.6)
no. reflections 453318 527445 327941 393018
no. unique reflections 119528 92191 64713 52338
Refinement
Rwork

c/Rfree
d (%) 15.9/19.0 16.5/19.2 18.2/21.5 15.1/19.3

no. of atoms 6372 6361 6216 6175
protein 5587 5743 5572 4661
water 781 650 548 499
B-factors
average 29.2 34.7 38.2 31.8
ligand 29.7−43.6 17.4−51.9 27.5−83.2 15.1−39.6
(n-alkyl-B(OH)2)
RMSDe

bond length (Å) 0.019 0.013 0.003 0.008
bond angle (deg) 1.707 1.396 0.750 1.03
Ramachandran Statistics
most favored (%) 97.4 97.3 95.8 96.5
allowed (%) 2.6 2.7 3.9 3.4
outliers (%) 0.00 0.00 0.3 0.1
aRmerge = Σ|Iobs − Iavg|/ΣIavg.

bThe values for the highest resolution bin are in parentheses. cRwork = Σ|Fobs −Fcalc|/ΣFobs.
dFive percent of the reflection

data were selected at random as a test set and only these data were used to calculate Rfree.
eRMSD, root-mean-square deviation.
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inhibitors each extend into the acyl-group binding pocket, albeit
to different depths (Figure 4A,B).
In contrast, the structural determinations of the PvdQ:C4-

B(OH)2 and PvdQ:C2-B(OH)2 complexes revealed significant
differences in ligand binding conformation. While there are no
large-scale changes in the overall protein structure (RMSD
values ≤ 0.25 Å in comparison to the PvdQ:C13-B(OH)2
structure10), the simulated annealing omit difference maps
(Fo −Fc) obtained by omitting the ligand and the β-chain N-
terminal S217 revealed extra electron density at the active site
that was not well fit by a tetrahedral adduct between the
inhibitor boron and the S217−Oγ. In comparison with the
densities observed for the PvdQ:C8-B(OH)2 and PvdQ:C6-
B(OH)2 complexes, those for the PvdQ:C4-B(OH)2 and
PvdQ:C2-B(OH)2 complexes are more planar in nature and
are better fit by modeling a trigonal planar adduct between the

Ser217-Oγ and the boron of these shorter chained inhibitors
(Figure 3C,D,F). Therefore, the structural models are
consistent with proposing instead that a neutral trivalent
boron is present in the covalent adducts formed by C2- and
C4-B(OH)2. Boronic acids interconvert readily between these
two forms (e.g., the ionization equilibrium occurs between
neutral trigonal form and the anionic tetrahedral form upon
hydroxide attack).36 Although the adducts are of a different
nature and the positions of the N-terminal S217 side chains are
somewhat different, the N-terminal S217 amine is entirely
superimposable in all of these structures. In the PvdQ:C4-
B(OH)2 model, one conformation of the entire S217 residue is
superimposable with that of PvdQ:C13-B(OH)2, but the
alternative conformation has a Cα−Cβ bond rotation of
approximately 50°. The S217 Cα−Cβ bond in the PvdQ:C2-
B(OH)2 complex matches this rotated configuration.
In addition to the differences in boron valence, the n-alkyl

substituents of these shorter inhibitors are found in a different
position. Instead of residing in the acyl-chain binding pocket, as
with all previous PvdQ inhibitors,9,10,14 the extra electron
density in the omit maps resides outside of this pocket. The n-
alkyl substituents fit into this density now point “outward”
toward the more polar headgroup binding pocket (Figure

Figure 3. Ligand interpretation at the active site. The simulated
annealing omit difference maps (Fo − Fc) are shown for PvdQ/
inhibitor complexes as a gray mesh at either 2.5 σ (A, PvdQ:C8-
B(OH)2; B, PvdQ:C6-B(OH)2 and C, PvdQ:C4-B(OH)2) or 2.8 σ
(D, PvdQ:C2-B(OH)2). Continuous density is observed between the
side chain of S217 and each inhibitor. A tetrahedral adduct is observed
in the PvdQ:C8-B(OH)2 (A) and PvdQ:C6-B(OH)2 (B) complexes;
therefore, the adducts are built with sp3 hybridization. In contrast, the
omit map densities for the PvdQ:C4-B(OH)2 (C) and PvdQ:C2-
B(OH)2 (D) complexes are not tetrahedral but are planar in shape. So
these adducts are built with sp2 hybridization, along with a dual
conformation for the n-alkyl substituent of the PvdQ:C4-B(OH)2
adduct. (E) Line drawing of the tetrahedral adduct formed by C6-
B(OH)2. (F) Line drawing of the trigonal planar adduct formed by
C4-B(OH)2.

Figure 4. Differing positions of inhibitors. The structural models of the
PvdQ:C8-B(OH)2 complex (A) and the PvdQ:C6-B(OH)2 complex
(B) show an inhibitor conformation similar to that observed
previously10 with the transition-state inhibitor C13-B(OH)2 by making
a covalent tetrahedral adduct with the N-terminal S217 of the β-chain
and placing their n-alkyl substituent in the acyl-group binding pocket.
The structural models of the PvdQ:C4-B(OH)2 complex (C, only one
conformation of the n-alkyl substituent is shown for clarity) and the
PvdQ:C2-B(OH)2 complex (D) show an alternative inhibitor
conformation in which a trigonal planar adduct is formed with S217
and the n-alkyl substituents are oriented instead toward the solvent-
filled headgroup binding pocket. In the unfilled acyl-group binding
pocket, the F240 “gate” residue now has two conformations, and the
PvdQ:C2-B(OH)2 complex has two ordered waters in the acyl-group
binding pocket. The carbon atoms of inhibitors ([I]) are shown in
blue, and protein carbon atoms are in gray, with boron in pink, oxygen
in red, sulfur in yellow, and nitrogen in blue. Ordered water molecules
are shown as red spheres.
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4C,D). Hydrophobic interactions between the first two carbons
in these n-alkyl substituents with the Cβ of H239 and the side
chain of V286 appear to contribute to the stabilization of this
different conformation. The n-alkyl chain is not well stabilized
after that point and likely adopts multiple conformations,
accounting for the observed decrease in electron density for this
part of the inhibitor in the omit map for C4-B(OH)2. Along
with the repositioning of the n-alkyl chain in both the C2- and
C4-B(OH)2:PvdQ complex structures, dual conformers are
now observed for F240, a residue previously suggested to serve
as a sort of “gate”8 at the entryway of the acyl-group binding
site to exclude solvent from the unoccupied site and is observed
here approximating both the “open” and “closed” states (Figure
4C,D).
This characterization of inhibitor binding helps to reveal how

PvdQ favors binding to ligands with longer n-alkyl substituents
and discriminates against ligands with shorter substituents. For
each demonstrated substrate of purified PvdQ (N-myrstylated
pyoverdine precursor,9 N-acyl-L-homoserine lactones,4,8,10 or n-
alkyl-p-nitrophenol esters9,10), the bulky size of each leaving
group and the limited space of the acyl-group binding pocket
limit how deeply n-alkyl substituents can bind. Substrates and
inhibitors with shorter n-alkyl substituents can only shallowly
access the entryway of the acyl-group binding pocket, which is
more polar than deeper portions of the pocket, so binding is
not favorable (Figure 5). For example, the N-butanoyl-L-
homoserine lactone signal, endogenous to P. aeruginosa, has an
n-alkyl substituent equivalent in length to the C3-B(OH)2
inhibitor and would not be well stabilized in this polar
entryway. However, in the present work, the increased affinity
due to the boronic acid substituent allows us to visualize bound
ligands of this smaller size and show they are instead oriented
outward, toward the proposed headgroup binding site. In the
structures with bound ligands bearing shorter n-alkyl
substituents, the entryway to the acyl-group binding site is
occluded by the “closed” dual conformation of the F240 “gate”

residue. In the case of one complex structure, two ordered
water molecules are also found in the entryway (Figure 4C,D).
However, ligands with longer n-alkyl substituents can access a
deeper portion of the acyl-group binding pocket, for which
hydrophobic binding of n-alkyl substituents has been highly
optimized, with ligand affinity increasing by −1.0 kcal/mol/
CH2 as the ligand enters the site, until the steric limit of the
pocket is reached, with the optimal length corresponding to
that near a myristic acid substituent (Figures 2 and 5). For
example, the N-3-oxo-dodecanoyl-L-homoserine lactone signal
produced by P. aeruginosa has an n-alkyl substituent equivalent
in length to the C11-B(OH)2 inhibitor and has sufficient length
to bind to and be stabilized by the more hydrophobic part of
the pathway unreachable by the smaller N-butanoyl-L-
homoserine lactone signal. With n-alkylboronic acid inhibitors,
the tipping point between inward and outward facing
conformations occurs between C4- and C6-B(OH)2 and
corresponds to a ∼260-fold difference in Ki values. With
substrates, kcat/KM values increase approximately 100-fold when
substituents increase from C10- to C12-alkyl chains,10

suggesting a more demanding threshold for catalysis. Although
not proven here, we note the possibility that interactions with
longer n-alkyl chains may also aid in stabilization of a reaction
transition state, because these complexes are stabilized as
anionic tetrahedral adducts rather than as the neutral trigonal
adducts observed for shorter ligands, for which the correspond-
ing N-acyl-L-homoserine lactones and p-nitrophenol esters are
not substrates.4,10

There are similarities and differences of this discrimination
mechanism and that proposed for the thioesterase domain in
human fatty acid synthase, an enzyme that also enforces
selectivity for acyl chains of a defined length. Thioesterase
appears to tether the hydrophobic terminus of the n-acyl
substituent of a substrate into a closed pocket, with the rest of
the hydrophobic chain binding along an exposed groove.37,38 As
with PvdQ, substrates with n-acyl substituents longer than

Figure 5. Binding site surfaces. (A) C2-, C4-, C6- and C8-B(OH)2 inhibitors are shown in stick form relative to a surface representation of PvdQ
highlighting the hydrophobic acyl-group binding site and the wider, more polar headgroup binding site. The surface is colored according to
heteroatom (red for oxygen, blue for nitrogen, yellow for sulfur, pink for boron, gray for carbon). The n-alkyl substituents of C2- and C4-B(OH)2 are
oriented toward the headgroup binding site and appear to be partially stabilized through hydrophobic interactions with the side chain of V386 and
the Cβ of H239. (B) An alternative view of the acyl-group binding site, here in complex with C2-B(OH)2 (tan) and C8-B(OH)2 (light blue) (both in
ball and stick models), shows the backbone N of V286 and the backbone oxygens of H239 and H284 lining the start of the acyl-group binding site,
resulting in a more polar entryway than is found in the rest of the site.
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desired appear to be sterically occluded. However, shorter
chains that cannot simultaneously reach both the tethering site
and the catalytic site are nonproductively bound away from the
catalytic center,37 presumably along the exposed hydrophobic
groove. With PvdQ, it is unlikely that the shorter chains are
nonproductively bound but are rather just excluded from
binding at the acyl-group binding site by the relatively polar
entryway, illustrating by comparison two different ways in
which ligands with shorter n-alkyl substituents can be
disfavored.
The unexpected binding conformation for the short-chained

n-alkylboronates is also notable in that it is unique for all
structurally characterized PvdQ ligands. The product complexes
and all of the inhibitors reported to date bind deep within the
hydrophobic acyl-group binding site.8−10,14 However, the
adducts formed between C2- or C4-B(OH)2 and S217 instead
extend outward toward the headgroup binding site (Figures 4
and 5). This binding conformation may mimic the placement of
the glutamine residue linking the myristic acid to the rest of the
pyoverdine precursor substrate (Figure 1) and provides more
information about how native substrates may bind. The
fragment-sized39 n-alkylboronic acid inhibitors C2- and C4-
B(OH)2 therefore represent promising lead compounds with
excellent ligand efficiency40 values (0.7 and 0.6 kcal/mol/non-
H atom, respectively) suitable for the future development of
inhibitors that specifically target the headgroup binding site,
rather than the less-selective hydrophobic acyl-group binding
site, with the goal of designing more selective H-bonding
interactions with PvdQ.

■ CONCLUSION

The ligand binding selectivity of PvdQ is of interest both for
engineering improved variants of the enzyme as a quorum-
quenching catalyst and for designing small molecule inhibitors
to block biosynthesis of the siderophore pyoverdine. Herein, a
series of n-alkylboronic acids were used to investigate the
dependence of n-alkyl chain length on binding affinity and
orientation. Inhibitors with shorter n-alkyl substituents are
found to be excluded from the acyl-group binding site by a
polar entryway, but those with longer substituents can access a
portion of this site highly optimized for hydrophobic binding,
with affinity increasing −1.0 kcal/mol/CH2 as the alkyl chain
enters the site, until reaching the steric limit of the cavity, which
correspond to a myristic acid substituent. These findings
suggest a model for substrate discrimination to explain how
PvdQ selectively processes substrates with longer n-acyl
substituents, yet excludes structurally similar, but smaller,
substrates that are encountered in vivo, such as the N-butanoyl-
L-homoserine lactone quorum-sensing signal, to avoid perturb-
ing these signaling pathways. The unexpected binding
conformation of shorter n-alkylboronic acid inhibitors also
provides the first example of an inhibitor accessing the
headgroup binding site, which has more H-bonding partners
available for the design of selective inhibitors.
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