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Aerobactin, a citryl-hydroxamate siderophore, is produced by
a number of pathogenic Gram-negative bacteria to aid in iron
assimilation. Interest in this well-known siderophore was reig-
nited by recent investigations suggesting that it plays a key role
in mediating the enhanced virulence of a hypervirulent patho-
type of Klebsiella pneumoniae (hvKP). In contrast to classical
opportunistic strains of K. pneumoniae, hvKP causes serious
life-threatening infections in previously healthy individuals in
the community. Multiple contemporary reports have confirmed
fears that the convergence of multidrug-resistant and hvKP
pathotypes has led to the evolution of a highly transmissible,
drug-resistant, and virulent “super bug.” Despite hvKP harbor-
ing four distinct siderophore operons, knocking out production
of only aerobactin led to a significant attenuation of virulence.
Herein, we continue our structural and functional studies on the
biosynthesis of this crucial virulence factor. In vivo heterologous
production and in vitro reconstitution of aerobactin biosynthe-
sis from hvKP was carried out, demonstrating the specificity,
stereoselectivity, and kinetic throughput of the complete path-
way. Additionally, we present a steady-state kinetic analysis and
the X-ray crystal structure of the second aerobactin synthetase
IucC, as well as describe a surface entropy reduction strategy
that was employed for structure determination. Finally, we
show solution X-ray scattering data that support a unique
dimeric quaternary structure for IucC. These new insights
into aerobactin assembly will help inform potential antiviru-
lence strategies and advance our understanding of sidero-
phore biosynthesis.
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Klebsiella pneumoniae (KP)* is a Gram-negative bacillus
ubiquitously found in surface water and soil (1). Besides this
saprophytic existence, it is a common colonizer of the mucosal
surfaces of the human gastrointestinal tract. However, KP has
shown a propensity to transition from colonizer to opportunis-
tic pathogen in susceptible individuals with underlying medical
problems and compromised immune systems (2, 3). Histori-
cally described as a cause of community-acquired pneumonia,
KP is now recognized as one of the most common causative
agents of hospital-acquired infections globally, capable of infil-
trating the lungs, urinary tract, surgical wounds, and blood-
stream. This has been particularly problematic for the medical
community as nosocomial KP isolates are often highly drug-
resistant, making these healthcare-associated infections espe-
cially difficult to treat (4-6).

In addition to acquiring drug resistance, KP can also present
with a novel hypervirulent pathotype (hvKP), which is now
widely recognized by the medical community (7-9). In 1986, a
seminal report was published linking KP to severe life-threat-
ening infections in ambulatory individuals from the commu-
nity (10). In the decades that followed, numerous reports
from around the globe of KP-associated infections, including
hepatic abscesses, endopthalmitis, meningitis, osteomyelitis,
and necrotizing fasciitis, in otherwise healthy individuals, illus-
trated the emergence of this new hypervirulent pathotype (11—
18). Amid recent reports suggesting the confluence of both
drug-resistance and hypervirulence determinants in clinical
isolates of KP, medical professionals fear a true “super bug” may
be evolving (19, 20).

Investigations to understand the enhanced virulence of hvKP
strains highlighted the importance of siderophore systems and
iron acquisition (21, 22). Because iron is a vital mineral nutrient,
and bioavailable iron is often below the micromolar concentra-
tion required to support growth, siderophores are often consid-
ered critical virulence factors for pathogenic bacteria (23, 24).
hvKP is highly associated with a large virulence-conferring
plasmid containing genes for the biosynthesis of aerobactin and
the glycosylated enterobactin analogue salmochelin (25). Com-

3 The abbreviations used are: KP, Klebsiella pneumoniae; hvKP, hypervirulent
pathotype KP; NRPS, nonribosomal peptide synthetase; NIS, NRPS-inde-
pendent siderophore; RMSD, root mean square displacement; DL, disor-
dered loop; SER, surface entropy reduction; hLys, N°-hydroxy-L-lysine;
ahLys, N°-acetyl-N°-hydroxy-L-lysine; SAXS, small-angle X-ray scattering.
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Figure 1. Aerobactin biosynthetic pathway. The model originally proposed by Neilands and co-workers (30) has been updated to reflect the biosynthesis

functionally demonstrated herein. Also included are the [M + H]"

bined with chromosomally encoded enterobactin and yersini-
abactin operons, most strains of hvKP have the ability to pro-
duce four distinct siderophores. However, in vitro and in vivo
experiments have both demonstrated that of the four sidero-
phores, knocking out the production of only aerobactin signif-
icantly diminished the virulence of hvKP (26, 27). Although the
mechanistic basis underlying the relative importance of aero-
bactin is unknown, there is growing appreciation for the differ-
ing roles (e.g. colonization versus invasion) siderophores can
perform, as well as numerous examples of individual sidero-
phores contributing significantly to pathogenicity when redun-
dant siderophores are available (24).

Based on the critical role of aerobactin in the evolution of a
particularly worrisome new pathogen, we were motivated to
revisit this early-described siderophore and study its biosynthe-
sis in detail. Aerobactin, a mixed carboxylate-hydroxamate sid-
erophore, was first isolated from the iron-deficient culture
media of Aerobacter aerogenes by Gibson and Magrath in 1969
(28). Genetic experiments in the early 1980s using the Esche-
richia coli ColV-K30 plasmid identified the aerobactin operon
containing genes for four enzymes (“iron uptake chelate”
iucA-D) and an outer membrane receptor (“iron uptake trans-
porter” iutA) (29). By selectively knocking out and re-comple-
menting iuc gene function, and detecting the resultant biosyn-
thetic intermediates in culture supernatants, Neilands and
co-workers (30, 31) were able to decipher the aerobactin bio-
synthetic pathway, an effort they described as “... the first
entire gene-product-function analysis of any siderophore gene
complex from any microbial species” (Fig. 1). Subsequent bio-
chemical studies on isolated E. coli IucD investigated and con-
firmed its proposed L-lysine N®-monooxygenase activity (32).
Similarly, early studies on isolated E. coli IucB were able to con-
firm its N°®-hydroxy-L-lysine (hLys) acetyltransferase activity
(33). However, functional characterization of the E. coli aero-
bactin NIS synthetases IucA or IucC, the enzymes proposed to
ligate 2 eq of the N°-acetyl-N°-hydroxy-L-lysine (ahLys) inter-
mediate with citrate, was never reported. IucA and IucC belong
to a family of ligases that have been defined as the nonribosomal
peptide synthetase (NRPS)-independent siderophore (NIS)
synthetases (34, 35). IucA and IucC, respectively, represent the
archetypal Type A (utilizing citrate as a substrate) and Type C
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masses for aerobactin and its precursors.

(utilizing a citrate derivative) NIS synthetases. Furthermore, no
one has described the in vitro reconstitution of aerobactin bio-
synthesis to functionally demonstrate the proposed pathway.
Recent structural and functional studies of NIS synthetases,
including hvKP TucA (36), achromobactin synthetase AcsD (37,
38), as well as petrobactin synthetases AsbA (39) and AsbB (40),
have all advanced our understanding of the catalytic function of
these closely-related enzymes.

Herein, we present structural and functional investigations
of aerobactin biosynthesis from a hvKP clinical isolate. First, we
produced aerobactin through heterologous expression of the
four iucA—D genes in an aerobactin-deficient strain of E. coli.
Second, using the four isolated and purified lucA-D enzymes,
we were able to functionally reconstitute aerobactin biosynthe-
sis in vitro. Additionally, we quantified pathway turnover fre-
quency and demonstrated the high degree of stereoselectivity
employed by the synthetases IucA and IucC. Finally, we report
the steady-state kinetics, and structural characterization of
IucC by X-ray crystallography and small-angle solution scatter-
ing. Together with our previous studies of IucA (36), hvKP IucA
and IucC represent the first pair of Type A and Type C NIS
synthetases from a single pathway to be structurally and
functionally characterized. This work furthers our under-
standing of NIS biosynthesis and provides the biochemical
and structural foundation to further explore this potential
antivirulence target.

Results
Heterologous in vivo aerobactin production

Much of the prior investigation on aerobactin biosynthesis
originated from a pathogenic strain of E. coli harboring the
aerobactin operon in the ColV-K30 plasmid (29). Although
Neilands and co-workers (31) studied aerobactin biosynthesis
by knocking out and re-complementing aerobactin genes orig-
inating from this plasmid, we employed a parallel approach in
which an aerobactin-deficient E. coli strain was engineered to
produce the siderophore through heterologous co-expression
of the four iucA-D genes. When protein expression was
induced from a plasmid containing iucD and iucB, ahLys was
prominently detected in the culture supernatant by HPLC-MS
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Figure 2. Heterologous in vivo aerobactin production. Shown are overlaid
extracted ion chromatograms corresponding to the [M + H]" masses of the
metabolites ahLys, citryl-ahLys, and aerobactin from culture media superna-
tant of E. coli transformed and induced to express: A, iucB,D-CDFDuet-1; B,
iucA,C-pETDuet-1; or C, both plasmids.

(Fig. 2A). However, as predicted, when expressing only the syn-
thetase genes iucA and iucC, none of the aerobactin intermedi-
ates were detected (Fig. 2B). Finally, when the E. coli were trans-
formed and induced to express all four iucA-D genes, a
pronounced peak corresponding to aerobactin was observed
alongside secondary peaks corresponding to the intermediates
ahLys and citryl-ahLys (Fig. 2C). In addition to demonstrating
aerobactin biosynthesis, this engineered system served as a rel-
atively convenient/accessible source for isolating in vivo bio-
synthesized aerobactin and citryl-ahLys without using a patho-
genic bacterial strain or requiring iron-deficient culture media.
Although these metabolites were detected and isolated from
the culture media supernatant, it is unclear whether they were
actively secreted or if they accumulated via cell lysis or passive
diffusion.

In vitro aerobactin reconstitution

After demonstrating expression of the four iucA—D genes
was sufficient for aerobactin production in vivo, the pathway
was investigated in vitro using purified enzymes (Fig. 3, Table
S1 and Fig. S1). Despite a tendency to aggregate during expres-
sion, IucD, a putative membrane-associated enzyme, was puri-
fied as a monodisperse sample with the help of detergent. IucB,
expressed as a cleavable chaperone chimera, had a broader size
distribution and also had a tendency to aggregate at elevated
concentrations and temperatures. However, when incubated
together with substrates L-lysine, NADPH, acetyl-CoA, ATP,
citrate, and the co-factor FAD, they were able to biosynthesize
ahLys (Fig. 3B). When IucD, IucB, and IucA were combined, all
of the ahLys was ligated to citrate, forming the citryl-ahLys
intermediate, but no aerobactin was detected (Fig. 3C).
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Figure 3. In vitro aerobactin reconstitution. Shown are overlaid extracted
ion chromatograms corresponding to the [M + H]" masses of metabolites
ahLys, citryl-ahLys, and aerobactin from in vitro reaction mixtures containing
(A) no enzymes; (B) lucD and lucB; (C) lucD, lucB, and lucA; (D) lucD, lucB, and
lucC; or (E) lucA, lucB, lucC, and lucD.

In contrast, when IucD, IucB, and IucC were incubated
together, no appreciable citryl-ahLys or aerobactin was
detected (Fig. 3D). Finally, when substrates and all four puri-
fied IucA-D enzymes were included in the reaction mixture,
a prominent peak corresponding to aerobactin was observed
alongside lesser amounts of ahLys and citryl-ahLys remain-
ing in the mixture (Fig. 3E). This in vitro reconstitution of
aerobactin biosynthesis using purified enzymes provides
direct functional evidence supporting the reported aerobac-
tin pathway (30).

Aerobactin pathway turnover frequency

In addition to establishing the competency of the in vitro
aerobactin biosynthetic system, the turnover of the pathway
was also examined quantitatively. Aerobactin was purified from
the culture supernatant of the engineered E. coli stain (Fig. S2,
D-F) and used to construct a standard curve (Fig. 44). The
reconstitution reaction was sampled along its time course to
monitor how aerobactin evolved over time (Fig. 4B). The linear
time points on the reaction progress curves were fit with regres-
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Figure 4. In vitro aerobactin pathway turnover frequency. A, standard curve relating HPLC A, 4 .., to aerobactin mass. The data points were fit with a linear
regression best-fit line. B, overlaid A, ,,» HPLC traces of the aerobactin peak at progressive in vitro reconstitution reaction times using 8 um enzymes. C,
progress curves of the aerobactin reconstitution at three enzyme concentrations (2, 4, and 8 um). The linear regions were fit with regression lines to estimate

pathway velocity.

sion lines and used to estimate the pathway velocity (Fig. 4C).
By employing a relatively high substrate concentration (5 mm)
in the reconstitution, it was presumed that the resulting path-
way kinetics would approximate saturating steady-state condi-
tions. The reconstitution velocity was assessed at three differ-
ent enzyme concentrations (2, 4, and 8 um of each individual
enzyme). When doubling the enzyme concentrations, the path-
way velocity only increased by ~1.4. It is unclear why reaction
velocity was not directly proportional to enzyme concentration;
however, it could be related to the limited stability of IucB and
IucD. An aerobactin pathway turnover frequency of 6 *= 2
min~ ' was estimated by averaging the turnover numbers at the
three different enzyme concentrations.

Aerobactin synthetase stereoselectivity

The stereoselectivity of the aerobactin synthetases IucA and
IucC has not been determined. Two distinct stereocenters are
relevant in aerobactin biosynthesis. E. coli IucD was previously
shown to only be capable of hydroxylating L-lysine, and had no
activity with p-lysine (32). Therefore, it follows that the stereo-
centers derived from the a-carbon of lysine have the 2'S con-
figuration in aerobactin and its precursors. Condensation of
ahLys with one of the two pro-chiral carboxymethyl groups of
citrate breaks the symmetry of the molecule and results in a
second stereocenter at the citrate-derived C3 position in citryl-
ahLys (Fig. 1). Citryl-ahLys purified from iucA—D co-expres-
sion eluted as a single peak by HPLC (Fig. 5A4). Similarly, citryl-
ahLys isolated from the in vitro IucA-catalyzed condensation of
ahLys and citrate also eluted as a single peak (Fig. 5B). In con-
trast, a synthetic epimeric mixture of citryl-ahLys at the C3
position eluted as two distinct peaks, presumed to represent the
two diastereomers (Fig. 5C). Elution of authentic 3R,2'S- and
35,2’ S-enriched citryl-ahLys produced through total synthesis,
featuring enantioenrichment of a citrate intermediate by
fractional recrystallization, supported this presumption and
allowed the absolute configuration of the two peaks to be
assigned (Fig. 5, D and E). The correlation of the retention times
of the biosynthesized samples and the synthetic 3S,2'S-en-
riched sample indicated that only the 35,2’ S-diastereomer was
appreciably produced by IucA. When biosynthesized citryl-
ahLys was the substrate of IucC, all of it was turned over to
make aerobactin (Fig. 5, A and B). Conversely, when the syn-
thetic citryl-ahLys samples were incubated with IucC, only the
peak corresponding to the 3S5,2’'S-diastereomer diminished,
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Figure 5. Stereoselectivity of aerobactin synthetases lucA and lucC.
Shown are overlaid HPLC peaks corresponding to citryl-ahLys and aerobactin
during the lucC-catalyzed condensation of ahLys with (A) in vivo biosynthe-
sized, (B) in vitro biosynthesized, (C) synthetic epimeric mixture at C3 (D) syn-
thetic 3R,2’S-enriched, or (E) synthetic 35,2’ S-enriched citryl-ahLys.

whereas the peak corresponding to the 3R,2’'S-diastereomer
remained unperturbed (Fig. 5, C—E). Taken together, these
results demonstrate that the aerobactin synthetases are highly
stereoselective; only 3S,2'S-citryl-ahLys is produced by IucA,
and only 35,2'S-citryl-ahLys is consumed by IucC in the pro-
duction of aerobactin (Figs. 1 and 5).
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Table 1
Apparent steady-state kinetic constants of lucC
Substrate K,* Kol koK,
M min~ ! Mgt
ATP? 170 * 20 25+ 1 2,500
citryl-ahLys” 1,320 * 80 29.8 + 0.6 380
ahLys 1,900 = 200 35*+1 300

“ Non-linear regression best-fit values = S.E.
? Substrates evaluated with saturating hydroxylamine as surrogate nucleophile.

Steady-state kinetics of lucC

By using IucA to biosynthesize citryl-ahLys from synthetic
ahLys, all three substrates were available to evaluate the steady-
state kinetics of IucC (Table 1, Fig. S3). To conserve limited
quantities of ahLys, hydroxylamine was employed as a saturat-
ing surrogate nucleophile when evaluating the activity of ATP
and citryl-ahLys. IucC displayed relatively high-affinity for ATP
(K,, = 170 £ 20 um) compared with its other two substrates
citryl-ahLys (K, = 1.32 = 0.08 mm) and ahLys (K, = 1.9 = 0.2
mm). [ucC showed similar turnover frequencies (k_,, = 25-35
min ') for all three substrates and, unsurprisingly, exhibited
the highest velocity when consuming only native substrates.
Overall, IucC displayed a relatively modest catalytic efficiency
(k,, /K, =300-2,500M 's ') inthe production of aerobactin.

X-ray crystal structure of lucC

Crystals of WT IucC were grown, but despite extensive opti-
mization efforts, they were of insufficient quality to solve its
X-ray crystal structure. To overcome this hurdle and grow bet-
ter diffracting crystals, a surface entropy reduction strategy was
employed (Fig. S4). Using one of 12 engineered IucC surface
mutants (designated M1-M12), the X-ray crystal structure of
IucC surface mutant M5 (containing five substitutions, S182G,
E183S, D185T, Q187G, and Q188T) was solved to 2.45-A res-
olution by molecular replacement (Table 2, Fig. 6).

The IucC monomeric tertiary structure is described using a
cupped hand analogy (Fig. 64), following the convention
employed for other structurally-characterized NIS synthetases
(38,40). The thumb domain (residues 2—113) consists of a 3-he-
lix bundle adjoined by a distorted 4-stranded antiparallel
B-sheet. The extended loop region (114—163) contains a loop
that is directed into the interior of the protein followed by four
short a-helices. The fingers domain (164-362) comprises a
6-stranded and a 3-stranded anti-parallel B-sheet decorated
with loops and «-helices. This domain also includes the
mutated surface patch (182-188) that helped mediate crystal-
lization. Finally, the palm domain (363—-576) contains a prom-
inent 3-helix bundle and forms the base of the central active site
depression. The tertiary fold is homologous to the other struc-
turally characterized NIS synthetases, including Type C AlcC
(RMSD = 1.5 A, 392 Ca), and AsbB (RMSD = 2.3 A, 386 Cav), as
well as Type A TucA (r.m.s. displacement = 4.1 A, 361 Ca), and
AcsD (RMSD = 5.1 A, 315 Ca).

The TucC model has three gaps where disordered loops
(DL1-3) were unresolved in the electron density map (Fig. 64).
In Fig. 6B, the three disordered loops were modeled onto the
crystal structure to better appreciate their proximity to the
putative active site. The first gap (DL1, ~279-288) in the fin-
gers domain encompasses a lid loop extending over the putative
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Table 2
X-ray data collection and refinement statistics of lucC M5
Values in parentheses reflect the highest resolution shell.

Data collection

Space group P2,

Unit cell (a, b, ¢, A) 124.0,197.7, 130.4
(v, BY,°) 90, 109.6, 90

lucC molecules/ASU 8

Resolution range (A) 57.4-2.45 (2.54-2.45)

Completeness (%) 99.6 (98.8)
Multiplicity 6.7 (6.7)
No. unique reﬂectipns 215,668 (21,423)
Wilson B-Factor (A?%) 59.6
I/al 10.0 (1.8)
merge 0.099 (1.067)
cC,, 0.995 (0.636)
Refinement
R/ Risee 0.213 (0.322)/0.241 (0.351)
No. protein/water atoms 33,330/248
No. protein residues 4,344
RMSDs
Bond lengths A) 0.003
Bond angles (°) ) 0.55
Average protein/water B-factors (A?%) 73.6/53.9
Ramachandran analysis (%)
Favored 96.8
Allowed 2.8
Outliers 0.4
Rotamer outliers (%) 1.1
MolProbity Clashscore 2.6
PDB code 6CN7

active site and has been shown to be important in binding ATP
and citrate in the other structurally-characterized NIS synthe-
tases. The second gap (DL2, ~331-341) in the fingers domain is
a surface loop connecting a B-sheet and a short a-helix. Finally,
the third disordered loop (DL3, ~550-562) occurred toward
the C terminus in the palm domain. This loop is in close prox-
imity to the putative active site and appears to have inherent
flexibility, with gaps occurring in the corresponding regions of
the homologous AcsD, AlcC, and IucA crystal structures. The
IucC surface mutant M12 has an engineered patch (551-558)
within this disordered loop region. The negligible catalytic
activity of this mutant enzyme provides evidence for a potential
functional role of this flexible region (Fig. S5). ATP and Mg>™"
were also modeled into the putative active site to highlight the
conserved binding mode that IucC and the other NIS syntheta-
ses appear to employ for this common substrate (Fig. 6B). In
this binding pose, several conserved residues including His-
136, Ser-257, Arg-259, Thr-260, Lys-273, Thr-281, Arg-285,
Arg-352, and His-422 are available in IucC to make specific
interactions with the adenine, ribose, and phosphate portions
of the nucleotide. Conserved residues GIn-424, Asn-425, and
Asp-442 are also available to coordinate the Mg>* ion inti-
mately contacting the phosphate groups of ATP (Fig. S6). The
unliganded active site and proximally-located disordered loops
limit our ability to infer how ahLys and citryl-ahLys bind in the
active site, as well as how IucC catalyzes their condensation.

The quaternary structure of lucC

Features from the crystal lattice were combined with bio-
chemical and solution-phase small-angle X-ray scattering
(SAXS) data to investigate the oligomeric state and quaternary
structure of IucC. Despite migrating a bit lower than expected
by SDS-PAGE (Fig. S1A), MS indicated that the full construct
was expressed, and had a monomeric mass of 66.1 kDa (Table

J. Biol. Chem. (2018) 293(20) 7841-7852 7845


http://www.jbc.org/cgi/content/full/RA118.002798/DC1
http://www.jbc.org/cgi/content/full/RA118.002798/DC1
http://www.jbc.org/cgi/content/full/RA118.002798/DC1
http://www.jbc.org/cgi/content/full/RA118.002798/DC1
http://www.jbc.org/cgi/content/full/RA118.002798/DC1
http://www.jbc.org/cgi/content/full/RA118.002798/DC1

Structural and functional aerobactin biosynthesis

A

Figure 6. The X-ray crystal structure of lucC. A, the monomeric tertiary structure of lucC surface mutant M5 colored by domain. Gaps in the model
corresponding to disordered loops (DL1-3) are connected by black dashed lines for clarity. Protein chain termini are highlighted by spheres, with the N and C
termini colored blue and red, respectively. The SER patch is emphasized in yellow. B, close-up view of the modeled active site. The disordered loops (DL1-3,
magenta) were modeled by overlaying corresponding regions of a homology model (Fig. S4A). ATP (green carbons) and Mg?* (light green sphere) from the
crystal structure of lucA (PDB code 5JM8) are also modeled into the active site with lucC the side chains of several predicted binding residues labeled and
depicted as sticks. G, the crystallographic asymmetric unit containing eight copies of lucC illustrated in two orthogonal views. Potential tetrameric (left) and
dimeric (right) assemblies are highlighted using the same color scheme as panel A.

S1). During purification, IucC eluted from size exclusion chro-
matography primarily as a tetramer, partially overlapping a sec-
ondary dimer peak (Fig. S1D). After freezing, storing, and thaw-
ing tetrameric fractions, the tetrameric oligomer was observed
to be stable (Fig. S1, B and C) and appeared the most crystalliz-
able oligomer in screening experiments. Molecular weight cal-
culations from SAXS data of IucC in standard storage buffer
(=~230-240 kDa) slightly underestimated its theoretical tetra-
meric mass (264 kDa) (Table S2). However, when SAXS data
were collected on IucC in the presence of ATP, the calculated
molecular mass was reduced significantly to =155 kDa, a value
marginally overestimating a dimer (132 kDa). Size exclusion
chromatography also illustrated the propensity of IucC to tran-
sition to a dimer upon exposure to its nucleotide substrate (Fig.
S1E).

Inspection of the asymmetric unit containing eight IucC
molecules revealed both plausible tetrameric and dimeric
assemblies in crystallo (Fig. 6C). The crystalline asymmetric
unit can be reduced into two abutting tetramers adopting a
circular configuration. This tetramer can be further divided
into two identical dimers bearing resemblance to the dimeric
assembly reported for the Type C NIS synthetases AlcC and
AsbB (Fig. S7) (40). Comparison of the experimental IucC scat-
tering curve to scattering curves calculated from potential crys-
talline assemblies revealed the strongest correlation with the
tetramer (Fig. 7A). Likewise, the size and shape of an ab initio
molecular envelope calculated from the SAXS data were con-
sistent with the general size and shape of the in crystallo
tetramer (Fig. 7A, inset). SAXS data collected on IucC in the
presence of 1 mm ATP and MgCl, showed a marked reduction

7846 J Biol. Chem. (2018) 293(20) 7841-7852

in the near zero-angle scatting intensity, indicating a reduction
in particle mass (Fig. 7B). In the conditions containing ATP, the
SAXS data were most closely approximated by the curve calcu-
lated from the dimer, particularly in the low g region. Again,
there is reasonable correlation between the crystalline dimer
and an ab inito molecular envelope calculated from IucC in the
presence of ATP (Fig. 7B, inset). Nevertheless, inspection of the
molecular envelopes in Fig. 7 reveals that they are a bit too
“snug” for the tetramer and a bit too “loose” for the dimer.
Moreover, the molecular weight estimations seemed to under-
estimate a tetramer and overestimate a dimer (Table S2). Both
of these observations suggest IucC likely exists as a mixture of
both tetramer and dimer under both conditions. Modeling the
scattering curves as a mixture of the two oligomers revealed
that the experimental data were best fit by a 91:9% mixture of
tetramer:dimer in storage buffer, whereas it was best approxi-
mated as a 28:72% tetramer:dimer ratio in the presence of its
substrate ATP.

Computational analysis of the crystal lattice (PISA (41) and
EPPIC (42)) predicted the dimer was the only biologically rele-
vant oligomeric assembly, burying ~1,080 A? of surface area
between the two protomers. This prediction is also supported
by the observation that all four dimers within the asymmetric
unit are identical, whereas the structure of the two tetramers
are marginally different (Fig. S7, A and B). Taken together, it
appears IucC is capable of forming both a tetramer and dimer in
solution. However, although the tetrameric assembly appears
to promote crystallization, it is more likely an artifactual con-
sequence of heterologous expression and purification, with the
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Figure 7. lucC SAXS. A, the experimental scattering curve of lucC in storage
buffer extrapolated to infinite dilution overlaid with scattering curves calcu-
lated from potential oligomeric assemblies found in the crystalline asymmet-
ric unit. Inset, a crystallographic tetramer docked inside an ab initio molecular
envelope (wireframe) calculated from the experimental curve. B, the experi-
mental scattering curve of lucC in storage buffer plus 1 mm ATP and MgCl,
extrapolated to infinite dilution overlaid with scattering curves calculated
from potential oligomeric assemblies found in the crystal structure. Inset, a
crystallographic dimer docked inside an ab initio molecular envelope (wire-
frame) calculated from the experimental curve.

biologically relevant dimer predominating in the presence of its
substrate ATP.

Discussion

Heterologous expression of the four iucA-D genes in an
aerobactin-deficient strain of E. coli enabled the production of
the siderophore. This implies that all the necessary substrates
can be harvested from the cellular metabolic pool, not requiring
any additional enzymatic activity to supply the pathway. It is
interesting to note that the operon of the closely related, and
virulence-promoting, NIS staphyloferrin B contains specialized
enzymes dedicated to citrate and amino acid precursor produc-
tion (43). The relatively low burden of the 5-gene, 8-kb aero-
bactin operon likely contributes to its relatively wide distribu-
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tion in pathogenic members of the Enterobacteriaceae family,
including Escherichia, Klebsiella, Salmonella, Yersinia, Entero-
bacter, Shigella, Serratia, and Citrobacter, as well as marine
Vibrio (44) species.

The four purified IucA-D enzymes were also able to recon-
stitute aerobactin biosynthesis in vitro. Although hLys was not
detected in the assay when only IucD was included, the three
downstream metabolites ahLys, citryl-ahLys, and aerobactin
were all clearly identified when additional Iuc enzymes were
added. Enzyme combinations in which either TucD or IucB
were omitted did not lead to the identification of nonhydroxy-
lated or nonacetylated aerobactin analogues, respectively (data
not shown). This observation demonstrates the aerobactin sec-
ondary metabolic pathway is engrained with a high-degree of
substrate selectivity to limit production of nonfunctional ana-
logues. Both of the synthetases are required to synthesize aero-
bactin; neither was capable of compensating for the activity of
the other to any appreciable extent. This is in contrast to the
Type CNIS synthetase AsbB in petrobactin biosynthesis, which
was reported to partially compensate for the absence of its Type
A counterpart AsbA (40). Although having one synthetase
capable of catalyzing both condensations would be ideal from a
metabolic efficiency perspective, the presence of two distinct
synthetases in aerobactin biosynthesis, as well as many of the
other NIS pathways, likely implies a difficult evolutionary chal-
lenge of designing a single stereoselective active site to accom-
modate both sets of substrates. One unique way of addressing
this challenge would be by combining two synthetase active
sites into a single polypeptide, an approach that may be adopted
by the putative NIS synthetase CiuE in the biosynthesis of
corynebactin, a lysine and citrate-based siderophore closely-
related to aerobactin (45, 46).

Functional characterization of the Type A NIS synthetase
AcsD described a highly stereoselective mechanism for the
condensation of citrate and L-serine (38). Furthermore, struc-
tural models of the AcsD and IucA active sites predicted a
mechanism in which only one of the two pro-chiral carboxym-
ethyl groups of citrate is activated by ATP to form a citryl-
adenylate intermediate (36, 38). Experiments presented herein
confirmed the structural predictions by functionally demon-
strating the stereoselective mechanisms of IucA and IucC.
Although the final symmetry of aerobactin renders the citrate-
derived C3 position achiral, stereochemistry at the C3 position
has been shown to play a critical role in influencing siderophore
potency and iron affinity in the NIS staphyloferrin B (43).

In addition to demonstrating aerobactin biosynthesis in
vitro, the velocity of the pathway was determined to more quan-
titatively evaluate aerobactin production and compare it to
other reconstituted pathways. The aerobactin turnover fre-
quency (6 = 2 min~ ') is similar to values reported for the in
vitro production of the siderophores pyochelin (2 min™") (47)
and yersiniabactin (1.4 min~"') (48), despite employing con-
trasting NRPS and hybrid NRPS/polyketide synthetase enzy-
matic mechanisms, respectively. The apparent steady-state
kinetics of the individual aerobactin synthetase IucC was also
examined quantitatively. IucC showed an affinity for ATP sim-
ilar to IucA (K, = 130 £ 30 uM) (36), a result supporting the
common ATP binding mechanism that NIS synthetases are
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predicted to share. The relatively low catalytic efficiency of
IucC also appeared comparable with values reported for the
Type C NIS synthetase homologue AsbB (240 M~ "' s™') (40).
These seemingly modest pathway turnover frequencies and
enzyme catalytic efficiencies support the premise that high pro-
duction may not be essential for these siderophore pathways to
meet the demand for iron.

Although WT hvKP IucC was a stable enzyme and expressed
robustly, a surface entropy reduction mutant (M5) was re-
quired to grow high-quality crystals. Computational analysis of
the resulting crystal lattice using EPPIC (42) revealed that residues
within the mutated surface patch (182-188) contributed to one-
third (5 of 15) of the distinct crystal lattice interfaces, while not
disturbing the predicted biologically relevant dimer interface or
catalytic competency (Fig. S5). This significant contribution to
crystal lattice contacts helps rationalize how this particular mutant
patch was able to promote higher quality crystal growth. Addition-
ally, this most successful surface mutant had the highest melting
temperature off all the evaluated IucC constructs, consistent with
the commonly-held assertion that maximizing protein stability
promotes successful crystallization (Fig. S4C) (49).

Attempts to obtain a co-crystal structure with substrates,
especially with ATP, were surprisingly unsuccessful, given
the co-crystallization success of the other NIS synthetases.
Although the underlying reasons behind this phenomenon are
uncertain, it was observed that the disordered loops (DL1-3) in
proximity to the active site all faced toward the interior of the
asymmetric unit. Given the presumed active site flexibility
required to bind the relatively complex substrates ahLys and
citryl-ahLys, it is possible that inter-particle interactions from
higher-order oligomerization, especially in crystallo, could
have disrupted stable substrate binding. The dimeric quater-
nary structure predicted to be biologically relevant for IucC is
similar, but clearly distinct from the assembly shared by its Type C
homologues AlcC and AsbB (Fig. S7C). This represents the fourth
distinct quaternary structure among the five structurally charac-
terized NIS synthetases. Considering their high monomeric struc-
tural homology, their varied quaternary structure is noteworthy,
despite its biological relevance remaining uncertain.

Motivated by the role aerobactin is reported to play in the
newly recognized hvKP, the biosynthesis of the siderophore
was revisited. Building upon pioneering studies in the 1980s,
the aerobactin biosynthetic pathway was functionally demon-
strated while attempting to further our understanding of a key
virulence factor and of NIS biosynthesis in general. Even with the
results of the current study, a number of inquiries related to aero-
bactin biosynthesis remain open: the detailed active site architec-
ture and substrate binding geometry of IucC, what, if any, cellular
localization or multienzyme assembly exists for the pathway, why
it appears to be so important for mediating virulence in hviKP, and
if it can be inhibited in an anti-virulence therapeutic approach.

Experimental procedures
Cloning, expression, and purification of hvKP luc enzymes

Details of Iuc enzyme expression and purification are outlined
in Table S1; a general expression and purification procedure is
described below. The four iucA—D genes were individually ampli-
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fied from the hvKP1 clinical isolate (50) genomic DNA using prim-
ers to incorporate restriction sites at the 5" and 3’ ends of the gene.
The genes were subcloned into modified expression vectors with
N-terminal His tags and protease recognition sites for tag removal.
The vectors were transformed into E. coli BL21(DE3) for pro-
tein production. Cells were grown in LB media (250 rpm) to an
A600 nm 0f =0.5—-0.7. Expression was induced with the addition
of isopropyl 1-thio-3-p-galactopyranoside, followed by incuba-
tion for ~18 h overnight at 16 °C. Cells were harvested by cen-
trifugation at 6,000 X g for 15 min at 4 °C. After decanting off
the supernatant media, the cell pellets were flash frozen in lig-
uid nitrogen and stored at —80 °C for later use.

Frozen cell pellets were re-suspended in lysis buffer and lysed
by sonication. The resulting slurry was separated by ultracen-
trifugation at 185,000 X g. The supernatant was filtered over a
0.45-um polysulfone membrane before being subjected to
immobilized metal affinity chromatography. The lysate super-
natant was passed over a 5-ml Ni*"- nitrilotriacetic acid col-
umn. Bound proteins were eluted from the column using lysis
buffer plus 300 mm imidazole. Fractions that contained His-
tagged Iuc enzymes by SDS-PAGE were combined and dialyzed
overnight at 4 °C or room temperature with the appropriate
protease in dialysis buffer for His/chaperone tag removal. After
spiking with imidazole to 20 mwm, the dialyzed sample was
passed over the Ni** - nitrilotriacetic acid column for a second
time. The flow-through fractions containing the desired pro-
tein without the His tag were combined and concentrated using
an appropriate centrifugal filter before being subjected to size
exclusion chromatography (HiLoad™ 16/60 Superdex™™ 200,
GE Healthcare Life Sciences). The desired fractions were com-
bined, concentrated, and flash frozen in liquid nitrogen before
being stored at —80 °C for subsequent use.

Heterologous in vivo aerobactin production

The four iucA-D genes were subcloned into duet expression
vectors for simultaneous co-expression. The iucB and iucD
genes were subcloned into MCS1 (Ncol and BamHI) and MCS2
(Ndel and Xhol) of the CDFDuet-1 expression plasmid (Strep®/
Spec®), respectively. Similarly, the iucA and iucC genes were
subcloned into MCS1 (Ncol and BamHI) and MCS2 (Ndel and
Bglll) of the pETDuet-1 expression plasmid (Amp®), respec-
tively. The iucA gene construct included a N-terminal His
tag, whereas the other three enzymes were untagged. E. coli
BL21(DE3) were then transformed with either CDFDuet-1,
pETDuet-1, or both of the plasmids. The transformed E. coli
strains were grown in 60 ml of M9 minimal media with appro-
priate antibiotics to an A4y Of =0.6—0.8 (37 °C, 250 rpm).
Protein expression was induced with the addition of 750 um
isopropyl 1-thio-B-p-galactopyranoside, and cells were incu-
bated for ~18 h overnight. The cells were pelleted by centrifu-
gation at 4,500 rpm for 10 min, and the culture supernatant was
decanted and frozen at —20 °C for subsequent analysis.

The supernatant was diluted 1:5 in 5% acetonitrile in water
before being analyzed by HPLC-MS. Ten microliters of sample
was injected over a 3 X 50-mm Agilent InfinityLab Poroshell
120 EC-C18 2.7 um column held at 30 °C with a flow rate of 0.4
ml/min. The mobile phases consisted of 0.1% formic acid in
water (A) and 0.1% formic acid in acetonitrile (B). The elution
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Figure 8. Synthesis of aerobactin precursor (35,2’ S)-cltryl-ahLys. Reaction conditions: (a) Pd/C, H,, EtOH, room temperature, 1 h; (b) SOCI,, 85 °C, 1 h; (c)

Et;N, 0 °C to room temperature, 2 h; (d) LiOH, THF:H,O0.

gradient started with isocratic 5% B for 2 min, followed by a
linear gradient to 20% B over 10 min. The eluant was monitored
for UV absorbance at 218 nm and by an in-line Advion Expres-
sion™ compact mass spectrometer configured for positive mode
electrospray ionization. The mass spectrometer was further con-
figured with the following parameters: scan range: 100—-1,000 m1/z;
capillary voltage: 150 V; ESI voltage +3,500 V; capillary tempera-
ture: 150 °C; gas temperature: 350 °C; gas flow: 4 liter/min.

In vitro aerobactin reconstitution

A 100-pul reaction mixture was prepared containing 50 mm
HEPES pH 7.5, 5 mm MgCl,, 50 mm NaCl, 0.2 mwm tris(2-carboxy-
ethyl)phosphine, 5 mm L-lysine, 5mM NADPH, 0.5 mM FAD, 5 mm
acetyl-CoA, 5 mm ATP, 5 mm citrate, and various combinations of
the Iuc enzymes at 10 M concentration. After incubating at 37 °C,
10-ul aliquots of the reaction mixture were removed at specified
time points (up to 1 h) and quenched by the addition of 40 ul of
0.1% formic acid and 5% acetonitrile in water. The sample was
briefly centrifuged to remove any precipitated protein before being
analyzed using the same HPLC-MS procedure outlined above.

Purification of biosynthesized citryl-ahLys and aerobactin

The general purification strategy was informed by the work
of Butler and colleagues (44, 51). After acidifying to pH 2.5
using concentrated HCI, 250 ml of M9 minimal media culture
supernatant from iucA-D co-expression was stirred with 10 g
of AmberLite XAD-4 resin overnight at 4 °C. The resin was
filtered from the supernatant and rinsed with 30 ml of water
before being eluted with 100% methanol. Fractions evidenced
to contain iron chelators by the liquid chrome azurol S assay
(52) were combined and concentrated to a residue (=120 mg)
under vacuum. This crude residue was re-dissolved in 1 ml of
5% acetonitrile in water, centrifuged to remove any remaining
solids, and 50—-100 ul was eluted over an Agilent ZORBAX
SB-C18 9.4 X 250 mm 5-um semi-preparative HPLC column
held at 30 °C with a flow rate of 4 ml/min. The same mobile
phase composition and elution gradient was employed as
described above. Fractions from multiple injections shown to con-
tain the iron chelators citryl-ahLys and aerobactin by the chrome
azurol S assay and analytical HPLC-MS analysis were combined
and reduced to dryness by rotary evaporation. From ~250 ml of
culture supernatant, 3.5 mg of citryl-ahLys and 7.2 mg of aerobac-
tin was isolated with high purity (Fig. S2). A standard curve for the
quantitation of aerobactin production was constructed by analyz-
ing known quantities of this aerobactin standard using the same
HPLC method described above to quantify peak area.

SASBMB

In vitro biosynthesized citryl-ahLys was isolated by scal-
ing-up the IucA-catalyzed reaction. A 2.5-ml reaction mixture
was prepared containing 10 mm HEPES pH 7.5, 5 mm MgCl,, 50
mM NaCl, 27.5 mm ATP, 27.5 mu citrate, 25 mm ahLys, and 10
puM IucA, and incubated at 37 °C for ~15 h overnight. The
enzyme was removed by filtration through a centrifugal filter
and the filtrate was reduced to dryness under vacuum. The
crude residue was re-dissolved in 5% acetonitrile in water
before being purified by the identical semi-preparative HPLC
procedure outlined above. The combined yield of the reaction
and purification was 65%.

Preparation of synthetic ahLys and citryl-ahLys

The detailed synthesis of aerobactin precursors ahLys and
citryl-ahLys is presented in the supporting information (Data
S10-S25). Briefly, the N°-oxidized and acetylated L-lysine
derivative, ahLys was synthesized in accordance with previ-
ously described methods reported by Hu and Miller (53). Late
stage divergence from the reported route allowed for function-
alization of the a-amino moiety of the fully protected ahLys
derivative (Fig. 8). Enantiopure (S)-1,3-dimethyl citrate was
prepared by co-crystallization with (R)-methylbenzylamine
(54, 55). Subsequent activation to the corresponding citryl-
chloride and coupling to the a-amine of the protected ahLys
derivative yielded methyl-N°®-acetoxy-N°®-acetyl-N>-[(S)-1,3-
dimethylcitryl]-L-lysinate. Global saponification with lithium
hydroxide afforded the penultimate aerobactin intermediate
(35,2'S)-citryl-ahLys with minor epimerization.

lucC steady-state kinetics

A coupled NADH oxidation assay was employed to evaluate
the steady-state kinetics of [ucC (56). Reaction mixtures (50 ul)
were prepared containing 50 mm HEPES pH 7.5, 15 mm MgCl,,
3 mMm PEP, 500 um NADH, 10 units/ml of pyruvate kinase, lac-
tate dehydrogenase, and adenylate kinase, 2 um IucC, and var-
ied concentrations of substrates. The concentration of a single
substrate was varied while the other two were at saturating/
near saturating concentrations. When not being varied, ATP
and citryl-ahLys were at 5 and 6.5 mM, respectively. When
hydroxylamine was employed as a surrogate nucleophile, it was
at 75 mMm. Reactions were carried out in triplicate in 96-well
half-area clear polystyrene plates at 37 °C; the absorbance (340
nm, € = 6,220 M~ ' cm ™ ') was measured every 10—15 s using a
Biotek Synergy 4 plate reader for 10 min. The maximum initial
absorbance slopes were converted to enzyme activity and plot-
ted versus varying substrate concentrations. The plots were
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then fit with nonlinear Michaelis-Menten regression in Graph-
Pad Prism to calculate V, ., and K, values.

max

lucC surface entropy reduction (SER) and crystallization

The general SER approach was informed by numerous liter-
ature reports, two of which are cited here (57, 58). A homology
model of hvKP TucC was created based on the crystal structures
of the two Type C NIS synthetases AsbB and AlcC using
YASARA software. The homology model was visually inspected
to identify sequences on the surface of the enzyme enriched in
high-entropy charged/polar residues, including Lys, Glu, Gln,
Arg, Asp, and Asn. Mutations were then designed to introduce
lower entropy side chains (Ala, Gly, Ser, Thr, Tyr, and His) to
promote the formation of stable crystal lattice contacts, while
trying to avoid making the surface of the enzyme too hydropho-
bic. In total, 12 constructs were designed with a single mutated
surface patch (Fig. S4B). The hvKP iucC plasmid was sent
to GENEWIZ, Inc. (South Plainfield, NJ) to synthesize and
sequence the 12 mutant genes. E. coli BL21(DE3) were trans-
formed with the vectors containing the mutant IucC genes, and
protein expression and purification was carried out using the
same general procedure described for WT IucC.

Of the 12 surface mutant proteins designed, seven were
successfully purified in sufficient quantity for crystallization
screening using a 120-condition in-house screen and the 1,536-
condition high-throughput crystallization screening service
available at the Hauptman-Woodward Medical Research Insti-
tute (59). The thermal stability of WT IucC and the seven suc-
cessfully purified SER mutants was assayed using a fluores-
cence-based thermal shift assay (60). Although crystallization
leads were identified for all seven of the surface mutants, initial
crystals from surface mutant M5 appeared most promising.
Conditions were optimized to ~5.5 mg/ml of IucC M5 com-
bined 1:1 with a mixture of 10—11% PEG 20,000 and 100 mm
MES, pH 6.5, in hanging-drop vapor-diffusion format at 20 °C.
Microseeding was employed to control nucleation and promote
the growth of single crystals. Crystals were cryo-protected by
serial transfer through mixture plus 8, 16, and 24% ethylene
glycol before being flash frozen in liquid nitrogen.

X-ray data collection, structure determination, and refinement

Frozen crystals were shipped to GM/CA ID-B at the
Advanced Photon Source (APS) at the Argonne National Lab-
oratory (Lemont, IL) for remote X-ray diffraction data collec-
tion. A total of 400 images were collected on a single crystal
using a 100 X 45 wm beam (no attenuation) over 360° (0.9°,
0.5 s) on a Dectris Eiger-16m detector at a distance of 350 mm.
The diffraction images were processed using iMosflm (61) and
the structure was solved by molecular replacement using
Phaser (62) software and employing monomeric AlcC (PDB
code 3X0Q, 29.9% identity) as the search model. Automated
model building was performed using PHENIX.Autobuild (63),
manual model building and refinement was carried out using
Coot (64), and automated structure refinement was executed
using PHENIX.Refine (65). Data collection and refinement sta-
tistics are presented in Table 2. In addition to the disordered
loops discussed in the text, the protein chain was modeled for
residues 542545 despite their weak electron density. Structure
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factors and coordinates for hvKP IucC surface mutant M5 have
been deposited in the Protein Data Bank (code 6CN?7).

SAXS

SAXS data on WT hvKP IucC were collected at Stanford
Synchrotron Radiation Lightsource (SSRL) beamline 4 -2 (66,
67). Protein samples (40 ul) were prepared in a dilution series of
5.3,4.0,2.7,and 1.3 mg/ml in a buffer of 50 mm HEPES, 150 mm
NaCl, and 0.2 mM tris(2-carboxyethyl)phosphine. To investi-
gate the effect of ATP on the conformation of ITucC, a second
dilution series (5.1, 3.8, 2.5, and 1.3 mg/ml) was prepared in an
identical buffer system plus 1 mm ATP and MgCl,. Each sample
was held at 10 °C and data were collected with 20 exposures of
1-s duration. Scattering from a buffer blank was subtracted
from the data. The scattering curves were produced using SAS-
Tool software (67) and the scattering curves were analyzed
using software from the ATSAS program package (68):
PRIMUSQT, DAMMIF, DAMAVER, CRYSOL, SUPCOMB,
OLIGOMER, and DATVC. Guinier analysis (0.4 = g"\Rs = 1.3)
was used to determine the zero-angle scattering intensity (/).
This value was then used to calculate the molecular mass by
employing lysozyme (14.3 kDa, 16.3 mg/ml) as a reference stan-
dard. For molecular weight calculations based on Porod volume,
the pair distance distribution (P(r)) function (g = 0.3) was
employed to calculate the Porod volume, which was then divided
by 1.66 to yield the molecular mass in Da (69). The DATVC soft-
ware was used to calculate the molecular weight by the volume of
correlation (V) including data for g = 0.3. The IucC ab initio
molecular envelopes were calculated using P222 (without ATP)
and P2 (with ATP) symmetry restraints in DAMMIF and includ-
ing data for g = 0.3. The CRYSOL scattering curves were calcu-
lated using the solvent electron density of water (0.334 ¢ ~/A%). To
correct for a slight concentration dependence (minor interparticle
repulsion) in the SAXS data, PRIMUSQT was used to generate
scattering curves extrapolated to infinite dilution.
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