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Abstract

Siderophore biosynthesis by Pseudomonas aeruginosa enhances virulence and represents an
attractive drug target. PvdQ functions in the type-1 pyoverdine biosynthetic pathway by removing
a myristoyl anchor from a pyoverdine precursor, allowing eventual release from the periplasm. A
circularly permuted version of PvdQ bypasses the self-processing step of this Ntn-hydrolase and
retains the activity, selectivity, and structure of wild-type PvdQ, as revealed by a 1.8 A resolution
X-ray crystal structure. A 2.55 A resolution structure of the inactive STA/N269D-cpPvdQ mutant
in complex with the pyoverdine precursor PVDIq reveals a specific binding pocket for the D-Tyr
of this modified peptide substrate. To our knowledge, this structure is the first of a pyoverdine
precursor peptide bound to a biosynthetic enzyme. Details of the observed binding interactions
have implications for control of pyoverdine biosynthesis and inform future drug design efforts.
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Current therapies for Pseudomonas aeruginosa infections are inadequate. More than 25% of
deaths arising from all nosocomial Gram-negative infections are attributable to multidrug
resistant £ aeruginosa.l Resistant strains employ multiple strategies to infect and thrive in
host tissues, including production of siderophores.? To inhibit bacterial iron uptake, several
lines of evidence point to the siderophore biosynthetic enzyme PvdQ as an attractive drug
target. Pyoverdine (PVDI) has been shown to be the dominant iron uptake system in a mouse
infection model,3 and PvdQ catalyzes removal of the myristoyl anchor of the PVDI
precursor PVDIq (Figure 1a).* Genetic disruptions of pvaQresult in P aeruginosa strains
that accumulate the myristoylated precursor PVDIq, fail to produce PVDI, are growth
inhibited in iron-limited medium, are impaired in swarming and biofilm formation, and have
drastically reduced virulence in plant and animal models of infection.>® However, details of
substrate:PvdQ interactions helpful for inhibitor development are lacking.

PvdQ is an N-terminal nucleophile (Ntn) hydrolase expressed as an inactive proprotein that
undergoes self-catalyzed proteolysis to mature into an active heterodimer (Figure 1b).” The
newly formed N-terminal amine of the S-subunit serves as a general acid and base during
catalysis, highlighting one reason that the uncleaved proprotein is inactive.8:° Previous
crystal-soaking and cocrystallization led to ligand:PvdQ structures that reveal a deep
hydrophobic cavity selective for fatty acid chains 14 carbons in length, and a neighboring
hydrophilic cleft open to solvent where, presumably, the peptide portion of PVDIq fits.8:10.11
Almost all prior ligand:PvdQ structures show ligands that bind deep within the hydrophobic
cavity and not at the hydrophilic site. Although the hydrophobic cavity provides
opportunities for potent binding, there are limited possibilities for hydrogen bonding within
this site to improve inhibitor selectivity. Details about the interaction of PvdQ with the
peptidyl portion of PVDIq are absent. Herein we directly address this deficit by reporting the
first structure of a substrate:PvdQ mutant complex.

Prior ligand:PvdQ structures were typically determined by characterizing noncovalent
complexes with fatty acid products or by using low pH to trap a covalent ester intermediate,
and do not reveal any information about interactions between PvdQ and the peptide portion
of PVDIq. Preparing an inactive PvdQ mutant to trap the substrate is not straightforward
since most of the residues essential for catalysis are also required for self-proteolysis during
maturation (e.g., S217). For example, Ntn-hydrolases bearing mutations at the residue that
becomes the catalytic N-terminus of the B-chain remain immature monomeric proproteins.12
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Therefore, more extensive reengineering of the protein is required to disentangle the
functions of residues in self-processing from their catalytic functions in substrate turnover.

To disconnect maturation from catalysis, we used a circular permutationl3 strategy to
genetically reorganize the protein domains of PvdQ while retaining their structural
orientation. Briefly, the pvaQ gene sequence was rearranged to first express the g-domain,
followed by a -Gly-Ser-Ser- bridge, and ending with the original a-subunit (omitting the
periplasmic sorting signal; Figures 1c, S1). Circular permutations have been reported for
other Ntn-hydrolases.1* For PvdQ, the bridging peptide was designed to provide a flexible
and polar connection across the ~3.5 A distance from the C-terminus of the B-subunit to the
N-terminus of the a-subunit of wild-type PvdQ. Wild-type PvdQ is expressed as a
proenzyme that purifies as a processed protein with a- and S-chains that effectively act as a
heterodimer. However, expression and purification of the described circularly permuted
PvdQ (cpPvdQ) resulted in a single polypeptide of approximately 80 kDa (Figure S2)
containing rearranged a- and S-domains that correspond to the a- and B-subunits of wild
type PvdQ.

Enzymatic activity of cpPvdQ was assessed using a series of p-nitrophenol esters of varying
length? as alternative substrates, including esters of fatty acids 10, 12, 14, and 16 carbons in
length (Table 1). Reordering the a and S domains of PvdQ by circular permutation only
results in small perturbations of Ay (1.1-fold increase), Ky (2-fold increase), and Aqat! K
(1.7-fold decrease) values for the optimum substrate, p-nitrophenyl myristate. The selectivity
profile was also quite similar between PvdQ and cpPvdQ, showing <4-fold differences
between matched substrates across A/ Ky values ranging from 103 to 108 M~1s71,
indicating that the circular permutation had only minor effects on substrate selectivity.

The structural impact of circular permutation was assessed by X-ray crystallography.
Despite domain reordering, cpPvdQ crystallizes in the same space group as PvdQ, €222;.°
A structural model of cpPvdQ was built and refined to 1.80 A resolution and aligns very
closely to wild-type PvdQ with an overall RMSD of 0.3 A, including key amino acids
reported to be involved in catalysis and substrate recognition such as S1 (5217), N269
(N485), V70 (V286), and F24 (F240) (Table S1, Figure S3). Residues are numbered based
on the sequence of cpPvdQ, and the corresponding residue in wild-type PvdQ is referenced
immediately thereafter in parentheses and italics for clarity. Electron density for the
sequence linking Band a domains was observed, albeit weak for some residues and missing
for the Ser residues in the (-Gly-Ser-Ser-) bridge (Figure S4). The newly installed bridge and
the surrounding residues occupy a space in the crystal lattice that does not cause any major
change among crystallographic contacts. Taken together, the functional and structural
characterization of cpPvdQ indicates that the domain reordering only imparts subtle
differences, making cpPvdQ a good model of PvdQ.

To trap unhydrolyzed substrate, mutations to inactivate cpPvdQ were introduced, and the
resulting proteins assayed for hydrolysis of the p-nitrophenyl myristate substrate. The single
mutant S1A-cpPvdQ, which lacks the side-chain of the catalytic nucleophile, has a 400-fold
decrease in A/ K (3.5 x 103 M~1s71). Although notably reduced, the activity is still
significant, possibly due to solvent water substituting for the Ser1 side chain alcohol. A
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different single mutant, N269D-cpPvdQ, was designed to place a negatively charged residue
in the “oxyanion hole” used in the normal catalytic mechanism. The activity of N269D-
cpPvdQ is less than S1A-cpPvdQ, but some substrate turnover was still detected after
prolonged overnight incubations. Therefore, the double mutant SLA/N269D-cpPvdQ was
prepared. This double mutant does not catalyze substrate hydrolysis greater than background
levels.

A crystal of STA/N269D-cpPvdQ was soaked with the substrate PVDIq, and a resulting
structural model determined to 2.55 A resolution (Figure 2, Table S1). At the active site, a
simulated annealing omit map (Fo-Fc) reveals clearly formed electron density well fit by a
portion of the unhydrolyzed substrate (Figure 2b). The observed density corresponds to the
myristoyl substituent, the scissile amide bond linking this fatty acid to L-Glu and the
isopeptide bond to the D-Tyr, and the L-Dab and D-Ser portions of the substrate, with the
subsequent electron density becoming too diffuse to be accurately fit by the rest of the
peptidyl portion of PVDIg. High resolution MS! and MS2 spectra of the substrate confirm
the presence of the cyclic peptide (Figure 3), so a lack of clear electron density indicates this
portion of the substrate is not tightly bound in a single conformation. On the basis of the
MS?2 spectrum, the structure of PVDIq matches a previous report that states the
chromophore is not yet formed in this precursor,15 consistent with our model in which the
atoms that form the bond between L-Dab and D-Tyr rings in the chromophore are 4.3 A
apart.

Two additional aspects of the observed substrate:enzyme interactions are noted. First, the
positions of S1A and N269D residues do not deviate significantly from the wild type.
However, the carbon in the scissile amide bond of the substrate is repositioned by 1.2 A, and
this amide is rotated approximately 90° away from a reasonable attack angle, as gauged by
comparison with the structure of wild type PvdQ in complex with a transition state analog
inhibitor (Figure S5).10 The bond rotation is possibly due to electrostatic repulsion between
the substrate amide carbonyl oxygen and the N269D substitution. This bond rotation and the
removal of the Ser1l side chain likely account for the loss of activity in this variant. Second,
although the L-Glu, L-Dab, and D-Ser residues of the substrate do not appear to make
specific interactions with the protein, the phenol group of D-Tyr does fit into a specific
binding pocket, described below.

The phenol side chain of the substrate D-Tyr is bound to a PvdQ pocket through a number of
specific interactions (Figure 2c). The phenol oxygen is within hydrogen-bonding distance of
the backbone nitrogen atoms of both R297 (R513) and P296 (P512), as well as an ordered
water molecule that is within hydrogen bonding distance of the backbone of A298 (A514),
S268 (5484), and the side chain of D270 (D486). The D-Tyr ring is well positioned to make
a cation—r interaction6 with the side chain of R297 (R513). The hydrophobic portion of
P296 (P512) and D269 (D485) as well as an edge-to-face 7—r interactionl’ with the side
chain of H457 (H673) surround the aromatic ring of D-Tyr. Finally, the phenol oxygen of D-
Tyr points directly at the positive end of a putative helix dipolel8 from the a-helix
comprised of residues P296-L.305 (P512-L521), which terminates on the surface of the
protein. These interactions clearly delineate a specific binding pocket within the hydrophilic
cleft of PvdQ for the D-Tyr side chain of PVDIq.
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In conclusion, circular permutation of an inactive PvdQ mutant enables trapping of
unhydrolyzed substrate and reveals a specific binding pocket for the D-Tyr side chain of the
pyoverdine precursor PVDIq. Structures of pyoverdine biosynthetic enzymes with amino
acid precursors have been reported (e.g., PvdAl9), but to our knowledge, this is the first
structure of a pyoverdine precursor peptide in complex with its biosynthetic enzyme.
Elucidation of such bioprecursor:enzyme complexes offers an informative contrast with
structures of completed siderophores. For one example, the structure of Fe3*-bound
pyoverdine in complex with the outer membrane receptor FpvA makes more extensive
interactions with the cyclic peptide moiety.20 In addition to providing guidance for inhibitor
design efforts, the observed binding pocket for D-Tyr suggests that PvdQ is selective for
siderophore precursors in which the chromophore has not yet been formed, placing PvdQ
before PvdN, PvdO, and PvdP in the biosynthetic pathway,*21:22 and that PvdQ might select
against exogenous acyl-siderophores lacking this D-Tyr.23 Accommodation of L-Tyr at this
position without major reorientation appears unlikely due to the short distance (5 A)
between the N269D g-carbon and the D-Tyr a carbon. Therefore, D-Tyr selectivity may
serve as a quality control check for the upstream L-Tyr epimerase activity of PvdL.24 In
contrast, the lack of observed interactions between the cyclic peptide portion of the
pyoverdine precursor and PvdQ indicates that this part of the substrate is not well recognized
in the crystal and reveals how PvdQ might accommodate variations in pyoverdine peptide
sequences that occur among Pseudomonas species.?® Finally, although not discussed above,
PvdQ has an alternative activity as a quorum-quenching enzyme.8 The cpPvdQ variant
developed herein provides a platform for developing variants to alter A-acyl-L-homoserine
lactone processing in which mutations that effect activity and selectivity can be uncoupled
from the maturation process.

METHODS

Detailed material lists and procedures are available in the Supporting Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
PvdQ function, self-processing, and circular permutation. (A) Scheme shows PvdQ

catalyzed hydrolysis to remove a myristoyl group from the biosynthetic precursor PVVDIq to
produce the ferribactin product that is eventually converted to pyoverdine (PVDI). The
myristoyl group is shown in red, linker in orange, chromophore (precursors) in green, linear
peptide portion in blue, and cyclic peptide portion in purple. (B) Self-proteolysis of the
PvdQ proprotein leads to loss of a 23 residue linker peptide and formation of a heterodimer
that relies on the newly formed B8 N-terminus to activate the catalytic nucleophile. (C)
cpPvdQ has rearranged domains that circumvent the need for self-proteolysis.
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Figure 2.
X-ray crystal structure of PVDIq:S1A/N269D-cpPvdQ. (A) A cut-away view shown of S1A/

N269D-cpPvdQ (gray) bound to PVDIq (blue) is shown with surfaces for each component,
and the interacting P296-L301 a-helix (purple) shown as a ribbon. (B) A simulated
annealing omit map (Fo-Fc) of bound PVDIq is shown with a density at 2.4 o. A portion of
unhydrolyzed PVDIg, shown as ball and stick, fits within the observed density. (C) Details
of the binding pocket for the D-Tyr of PVDIq are shown. cpPvdQ (green) is shown with a
portion of the P296-L.301 a-helix as a ribbon. PVDIq (purple) is shown with H-bond
distances in gray dotted lines and estimated cation— and edge-to-face 7—r interaction
distances in green. Distances are subject to coordinate errors listed in Table S1.
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Figure 3.

PVDIq fragment ions confirming the structure of PVDIq. A map of b and y ions detected
from PVDIq MS? fragmentation is shown. The molecular cation of PVDIq with 772 =
1561.858 was detected in MS? mode with a predicted molecular formula of C7gH116N18022
(1560.852 Da observed, 1560.851 Da theoretical, 0.2 ppm error). Diagnostic b and y ions
characteristic of the expected fragmentation of PVDIq amide bonds in MS2 mode confirmed
the ligand’s structure as that previously proposed for PVDIq (Figure 1).1> All fragments ions
are within 5 ppm of theoretical m/zvalues and match those previously reported for
PVDIq.15
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Steady State Kinetic Parameters

Table 1

enzyme variant  [S]size?  Km (UM)  Kege (Min™Y)  kea/Kpy (M72571)
PvdQP 10 60 + 10 49+5 1.3x 10¢
PvdQ? 12 0.8+0.1 52+3 1.1 x 108
pdeb 14 0.60 + 0.06 86+3 2.4 x 108
PvdQ? 16 41 19401 8 x 108
cpPvdQ 10 N.D.C N.D.C 1.5 x 1047
cpPvdQ 12 1.3+0.2 38+1 4.9 x 10°
cpPvdQ 14 1.2+0.2 98+5 1.4 x 108
cpPvdQ 16 13402 25401 3.1 x 104

aThe number of carbon atoms in the fatty acid moiety of p-nitrophenol ester substrates ([S]).

bVaIues for wild type PvdQ are taken from ref (9).

c . L
Not determined because substrate K)\| values were larger than the solubility limit of the substrate.

dFitting error is <10%.
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