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ABSTRACT Siderophore nutrition tests with Caulobacter crescentus strain NA1000 re-
vealed that it utilized a variety of ferric hydroxamate siderophores, including asper- Received 6 October 2016 Accepted 18
chromes, ferrichromes, ferrichrome A, malonichrome, and ferric aerobactin, as well as November 2016
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echolates. Because it did not use ferric enterobactin, the catecholate aposiderophore Citation Balhesteros H, Shipelskly Y, Long NJ,
was an effective agent for iron deprivation. We determined the kinetics and thermo- Majumdar A, Katz BB, Santos NM, Leaden L,
dynamics of [5°Felapoferrichrome and 5°Fe-citrate binding and transport by NA1000. asitem S1¥), WMErglues Y, Islbioa FE. 20117
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1 nM; Michaelis-Menten constant [K,,], 0.1 nM; V... 19 pMol/10° cells/min) were 199:¢00723-16. https://doi.org/10.1128/

similar to those of Escherichia coli FhuA. Transport properties for 5°Fe-citrate were S22

similar to those of E. coli FecA (K, 5.3 nM; V..., 29 pMol/10° cells/min). Bioinfor- Si?tztsﬁ;torJ‘ DiRita, Michigan State
matic analyses implicated Fur-regulated loci 00028, 00138, 02277, and 03023 as TonB- ol @A it Sedhyfor
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with elevated expression under high- or low-iron conditions by SDS-PAGE of sodium Address correspondence to Phillip E. Klebba,

sarcosinate cell envelope extracts, excised bands of interest, and analyzed them by patiizbbm@icusdiu

mass spectrometry. These data identified five TBDT: three were overexpressed dur-
ing iron deficiency (00028, 02277, and 03023), and 2 were overexpressed during iron
repletion (00210 and 01196). CLUSTALW analyses revealed homology of putative
TBDT 02277 to Escherichia coli FepA and BtuB. A A02277 mutant did not transport
hemin or hemoglobin in nutrition tests, leading us to designate the 02277 structural
gene as hutA (for heme/hemoglobin utilization).

IMPORTANCE The physiological roles of the 62 putative TBDT of C. crescentus are
mostly unknown, as are their evolutionary relationships to TBDT of other bacteria.
We biochemically studied the iron uptake systems of C. crescentus, identified poten-
tial iron transporters, and clarified the phylogenetic relationships among its numer-
ous TBDT. Our findings identified the first outer membrane protein involved in iron
acquisition by C. crescentus, its heme/hemoglobin transporter (HutA).

KEYWORDS TonB, alphaproteobacteria, heme transport, hemoglobin, iron
acquisition, siderophores

ecause of its role as a cofactor for metabolic enzymes, oxidoreductases, and

electron transport chain components, iron is an essential metal for most
organisms. However, in aerobic environments iron oxidizes to Fe3* and forms
insoluble polymers with hydroxide ions. Both commensal and pathogenic micro-
organisms secrete small organic compounds, called siderophores, that bind and
mobilize iron (1, 2) from its hydroxide polymers. Microbes typically produce hydrox-
amates, alpha-hydroxycarboxylates, or catecholates as ligands for Fe3* (3, 4). Once
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FIG 1 TBDT in the C. crescentus NA1T000 genome. TBDT structural genes that are induced to higher
expression levels by iron deprivation (23, 24) or iron repletion are marked with black or gray bars,
respectively, at their relative positions in the C. crescentus chromosome (14). The former loci are shown
in greater detail (24), with TBDT genes as red arrows denoting the direction of transcription and their fur
promoter regions as black boxes. Other TBDT are depicted as cyan bars; Ccr02370 (purple) was identified
as a maltose transporter (MalA) (26, 29). We deleted 02277 (see Materials and Methods and Results). The
two C. crescentus orthologs of E. coli tonB (29), as well as the orthologs of exbB and exbD (blue), are linked
at position ~2.5 Mb in the genome.

acquired from the environment, iron in biological systems is usually complexed in cells
by proteins or found as heme groups or iron-sulfur clusters (5).

TonB-dependent transporters (TBDT) (6-8) in the outer membrane (OM) of Gram-
negative bacteria use energy from the inner membrane (IM), transmitted by the
TonB/ExbBD complex (9), to obtain ferric siderophores from the environment (10). After
uptake into the periplasm, iron complexes enter the cytoplasm through ABC transport-
ers (11). Concomitant with IM transport, ferric siderophores undergo reduction, some-
times combined with degradation, that releases Fe2* to cellular systems (5, 12).

Caulobacter crescentus is a Gram-negative, free-living aquatic alphaproteobacterium
that grows in oligotrophic environments. Its asymmetrical cell division generates a
sessile, stalked cell and a motile, flagellated cell (13). One atypical aspect of C. crescentus
is that its genome encodes 62 TBDT (14) (Fig. 1). By comparison, the similar-size
genome of Escherichia coli produces only 8 TBDT, all of which transport metals. The E.
coli TBDT acquire iron complexes of hydroxamates (FhuA, ferrichrome [15]; FhuE,
coprogen and rhodotorulate [16]), catecholates (FepA, enterobactin [17, 18]; Cir and Fiu,
dihydroxybenzoyl serine [19]), mixed-function chelators (lutA, aerobactin [20]), citrate
(FecA [21]), and cyanocobalamin (BtuB [22]). Some TBDT of C. crescentus are negatively
iron regulated and therefore are expected to function in iron acquisition (23, 24). The
genome of NAT000 (14), a prototypic C. crescentus strain, is devoid of the readily
recognizable structural genes encoding the large nonribosomal peptide synthetases
responsible for siderophore biosynthesis (14, 25). Nevertheless, C. crescentus was re-
ported to utilize ferric rhodotorulic acid and ferrioxamine B (26). Detailed descriptions
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FIG 2 Siderophore nutrition tests with C. crescentus. Strain NA1000 was grown in NB to mid-log phase,
and 100 ul of the culture was plated on an NB plate in NB top agar containing enterobactin (100 uM).
Paper discs were deposited on the surface of the agar, and 10 ul of 50 uM solutions of ferric siderophore
complexes were applied to the discs: 1, asperchrome B1; 2, ferrichrome; 3, ferrichrome A; 4, ma-
lonichrome; 5, ferrioxamine B; 6, tetraglycyl ferrichrome; 7, rhodotorulate; 8, aerobactin; 9, FeS0,; 10,
hemin; 11, hemoglobin (15 wM); 12, dimerum acid; 13, mycobactin; 14, schizokinen; 15, coprogen; 16,
vibriobactin; 17, corynebactin; and 18, agrobactin. See Table 1 for a compilation of siderophore nutrition
results.

of its iron acquisition systems are lacking; most information about C. crescentus cell
envelope transport physiology originates from genomic and bioinformatic inferences.
The numerous other TBDT encoded in the C. crescentus genome may function in
utilization of carbohydrates and other nutrients from plants (27). For example, some
transport sugars (26, 28, 29), which distinguishes them from the metal-specific TBDT
(30-33).

We screened a library of ferric siderophores for uptake by NA1000 and found that
it used ferric hydroxamates and ferric aerobactin (an alpha-hydroxycarboxylate chelate)
but not ferric catecholates. Enterobactin, a catecholate-based siderophore utilized by
many Gram-negative bacterial species (34), did not supply iron to NA1000. Conse-
quently, it was an effective iron chelator that rendered C. crescentus iron deficient in
complex media. Results under these conditions showed that C. crescentus possesses
membrane transport systems for a variety of hydroxamate iron complexes (except
ferrioxamine B) but generally few other types of ferric siderophores. However, NA1000
utilized hemin and hemoglobin. By mass spectrometric (MS) analyses of cell envelope
proteins excised from SDS-PAGE gels, we identified five iron-regulated TBDT of C.
crescentus. On the basis of their negative regulation and sequence/structure, four
proteins (00028, 00138, 02277, and 03023) likely participate in iron uptake. Deletion of
locus 02277 revealed it as the OM component of a hemin/hemoglobin utilization
system, which we designated HutA.

RESULTS

Siderophore nutrition tests with C. crescentus. We used siderophore nutrition
tests (35) to survey iron utilization by C. crescentus by plating bacteria in nutrient broth
(NB) top agar containing a nonutilizable iron chelator and adding paper discs contain-
ing iron compounds on the surface of the agar. After overnight incubation at 30°C, iron
acquisition from these compounds resulted in growth halos around the filter paper
discs (35). We initially used bipyridyl (BP) at 200 uM as the nonutilizable chelator in the
media, which revealed utilization of ferrichrome but not ferric enterobactin by C
crescentus (data not shown). We subsequently employed enterobactin (which has the
highest known affinity for Fe3*; association equilibrium constant [K,] of 1052) in media
to render C. crescentus iron deficient (Fig. 2). This high affinity creates exclusivity for
Fe3*, whereas BP forms complexes with many other cations, potentially including
calcium, that C. crescentus requires for optimal growth. Relative to BP, inclusion of
enterobactin in agar yielded more well-defined, denser halos (Fig. 2), but we observed
the same overall iron uptake profile for C. crescentus on plates with BP, albeit from
fainter halos. Besides NB, we tested PYE and minimal medium M2 (36) plates in
nutrition tests (data not shown), but NB gave the best and most reproducible results.
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TABLE 1 Siderophore nutrition tests with C. crescentus NA1000¢

Siderophore (reference[s]) Halo size (cm)
Hydroxamates
Asperchromes® (39) 2.5
Ferrichromes< (37) 2.2
Malonichromed (38) 23
Coprogen (39) None
Ferrioxamine B (39) 1.4
Rhodotorulic acid (40) None
Dimerum acid (52) 0.9
Fusarinines? (52) None

Iron porphyrins

Hemin 1.4
Hemoglobin 1.5
Catecholates
Enterobactin (2) None
Vibriobactin (42) None
Corynebactin (43, 44) None
Agrobactin (97) None
Mixed chelates
Aerobactine (46) 0.9
Schizokinen (47) None
Mycobactin (48, 49) None
Pseudobactin (50) None
Albomycin (4, 37) Rf

9Bacteria were grown in NB, and 108 cells were poured onto NB plates in NB top agar containing 100 uM
enterobactin. Purified ferric complexes of the tabulated siderophores were dissolved or prepared in 10 mM
NaHPO,, pH 7. Aliquots of 10 ul of 50 uM solutions of the ferric siderophores (except hemoglobin, which
was used at 15 uM) were deposited onto paper discs on the surface of media and the plates were
incubated at 30°C overnight, after which we measured the growth halos (in centimeters).

bAsperchromes B1, B2, C, and D1 (51).

Ferrichrome, ferrichrome A, ferrichrome C, ferrichrysin, ferricrocin, ferrirhodin, ferrirubin, and tetraglycine
ferrichrome (37).

dFusarinine and triacetylfusarinine (52).

eGrowth halos formed around ferric aerobactin at higher concentrations (e.g., 200 uM).

'R, resistant.

C. crescentus NA1000 transported many ferric hydroxamates in siderophore nutrition
assays (Fig. 2 and Table 1). These data conflicted with prior negative findings for
ferrichrome, ferricrocin, and ferrichrome A (26) that NA1000 efficiently transported and
metabolized in our hands. Also contrary to Neugebauer et al. (26), it did not transport
ferric rhodotorulic acid or ferrioxamine B (Fig. 2). Our experiments differed in that we
used enterobactin as an iron-sequestering agent, but we verified the same results with
BP. Both studies utilized wild-type C. crescentus NA1000. Despite different findings for
numerous ferric hydroxamates, we confirmed that neither schizokinen nor coprogen
supported growth of C. crescentus (26). Among mixed-function siderophores, C. cres-
centus only used ferric aerobactin; its uptake was best seen at high concentrations (200
1M). NA1000 did not use any iron complexes of catecholates (enterobactin, vibriobac-
tin, corynebactin, and agrobactin), but it utilized both hemin and hemoglobin in
nutrition tests.

Growth in iron-deficient media. We characterized growth of NA1000 in NB con-
taining the two nonutilizable iron chelators. Increasing concentrations of BP progres-
sively reduced the growth rate and final cell density to a maximum effect at 200 uM;
enterobactin at 100 uM emphatically inhibited growth of NA1000. BP or enterobactin
retarded growth in as little as 4 h, and after 18 h the growth retardation by either
compound reduced C. crescentus proliferation by ~70% (Fig. 3). The addition of
ferrichrome after 18 h restored growth to both cultures. In NB plus enterobactin, the
addition of 10 uM ferrichrome decreased doubling times from 10 h to 4 h, confirming
the specificity of the iron deprivation by the catecholate aposiderophore. The only
exception to stimulation by ferrichrome was NB containing 200 uM BP, which did not
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FIG 3 Growth of C. crescentus NA1000 in iron-deficient media. (A) Growth in NB (O) or NB containing 200 uM BP
(®). Data points are means from two experiments; bars show the standard deviations. (B) Concentration depen-
dence of inhibition by BP. White circles show growth in NB; darkening shades of gray circles show the effects of
50, 100, and 200 wM BP, and black circles show the effects of 100 wM enterobactin, added at 5 h. (C) Restoration
of growth upon addition of ferrichrome. We added ferrichrome (10 M) to NA1000 growing in NB (O) or NB plus
100 uM enterobactin (®) (from panel B) at 19 h (orange and red circles), and it restored the original growth rates.
We repeated experiments shown in panels B and C several times; the plots represent a single experiment.

recover. In this case, the high concentration of chelator blocked growth even when a
utilizable ferric siderophore was present to provide iron, underscoring the potentially
toxic effects of BP from less specific metal chelation effects.

Radioisotopic measurements of iron binding and transport. In light of the
predilection of C. crescentus for ferric hydroxamates, we characterized the binding and
transport of [>°Fe]apoferrichrome ([>°Fe]Fc) by NA1000. It showed high-affinity recog-
nition and uptake of [>°Fe]Fc, similar to that of E. coli (53) or other enteric bacteria (34),
with nanomolar K, (equilibrium dissociation constant) and K,, (Michaelis-Menten con-
stant) values (Fig. 4). The transport rate for [>°Fe]Fc (19 pmol/min/10° cells) was also
comparable to that of chromosomally encoded ferrichrome uptake by E. coli (53, 54).

E. coli FecA contains an extended N-terminal domain that simultaneously upregu-
lates fecA transcription in response to ferric citrate (FeCit) transport (55). The chromo-
some of C. crescentus NA1000 encodes four potential TBDT with N-terminal homology
to E. coli FecA (14, 25), intimating the strain’s potential for ferric citrate uptake.
Siderophore nutrition tests are ineffective for FeCit, because both enterobactin and BP
remove Fe3* from its complexes with citrate. Consequently, we formed >°Fe-citrate
([*°Fe]Cit) and characterized its uptake by NA1000 in filter binding assays. Biosynthesis
of E. coli FecA is both repressed by Fur and induced by external FeCit (56). After growth
in the presence of enterobactin and/or 100 uM citrate, C. crescentus transported
[>°Fe]Cit much like its uptake of [*Fel]Fc (K,, = 5 nM; V,... = 29 pmol/min/10° cells)
(Fig. 4). The reaction was inhibited by 0.5 mM carbonyl cyanide m-chlorophenyl
hydrazone (CCCP) (Fig. 4), as expected for a TonB-dependent process.

Identification of potential iron transporters. We used CLUSTALW?2 alignments to
analyze the TBDT in the C. crescentus genome (14, 25) with regard to their sequence
relatedness. Using the 8 ferric siderophore and porphyrin receptors of E. coli as a basis
of comparison to the 62 annotated TBDT of C. crescentus, we found 4 different
phylogenetic branches (colored magenta, purple, green, and blue in Fig. S2 in the
supplemental material). The full-length TBDT of E. coli, which are all metal transporters,
subdivided into two branches, with the catecholate transporters FepA and Cir, the
porphyrin transporter BtuB, and the ferric aerobactin transporter lutA in one branch
(magenta) and the ferric hydroxamate transporters FhuA and Fhuk, the ferric citrate
transporter FecA, and the ferric catecholate transporter Fiu in another branch (blue).
Similarly, alignment of their N domain sequences bifurcated the E. coli TBDT into the
same two groups: FepA, Cir, BtuB, and IutA together, distinct from FhuA, FhuE, FecA,
and Fiu. However, when we aligned the C domain sequences (B-barrels) of all of the
proteins, the ferric siderophore receptors grouped together and the E. coli BtuB
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FIG 4 Binding and uptake of [°°Fe]Fc and [*°Fe]Cit by C. crescentus. We grew NA1000 in NB at 30°C until mid-log
phase, added enterobactin to 100 uM, and allowed the culture to shake for 3 h. (A and B) We measured binding
(A) and uptake (B) of [°*°Fe]Fc by filtration assays (see Materials and Methods). From experiments performed in
triplicate, we calculated the mean values and used Grafit 6.011 (Erathicus Ltd., West Sussex, United Kingdom) to
determine K, (1.4 nM), capacity (26 pMol/10° cells), K,, (0.03 nM), and V,, ... (19 pMol/10° cells/min) values. Error bars
represent the standard deviations of the means from triplicate trials. The estimates of K, and capacity using a
nonlinear fit to the bound-versus-total equation of Grafit 6.011 gave standard errors of 11% and 3%, respectively;
estimates of K, and V, ... by nonlinear fit to the Michaelis-Menten kinetic model of Grafit 6.011, gave standard
errors of 13% and 4%, respectively. (C and D) We also measured uptake of [°°Fe]Cit. We grew NA1000 in NB at 30°C
until mid-log phase, added enterobactin and citrate to 100 uM, and allowed the culture to shake for 3 h. (C) We
exposed NA1000 to 1 uM [5°Fe]Cit and measured accumulation of the radionuclide for 1 h. (D) Lastly, we measured
the uptake of increasing concentrations of [>°Fe]Cit by NA1000 in the absence (circles) or presence (squares) of 0.5
mM CCCP. Analysis of the NA1000 uptake data (D) by Grafit 6.011 produced K,, (53 nM) and V.., (29 pMol/10°
cells/min) values. Error bars represent the standard deviations of the means from triplicate trials. Estimates of K,
and V, ., by nonlinear fits of the Michaelis-Menten kinetic model, using Grafit 6.011, gave standard errors of 19%

and 6%, respectively.

(EcoBtuB) B-barrel became an outlier. Finally, CLUSTALW?2 alignment of the TonB box
regions clustered all of the E. coli TBDT together and distinct from those of the C.
crescentus TBDT.

The iron-regulated TBDT of C. crescentus (24) fell in two groups that showed higher
expression during either iron deprivation or iron repletion. The first group (Fig. S2, black
boxes) contained proteins 00028, 00138, 02277, and 03023; their Fur-like negative
regulation (24) suggested that they function in iron acquisition. These proteins are
related to the TonB-dependent OM proteins of E. coli, generally at a level of 20 to 25%
identity. They all also contain a recognizable TonB box sequence near their N termini.
TBDT Ccr02277 (Fig. S2, magenta branch) has the closest overall homology to E. coli
ferric catecholate (Cir and FepA) and porphyrin (vitamin B,, and BtuB) receptors. The
other three, 00028, 00138, and 03023, segregated in the blue branch, with the closest

March 2017 Volume 199 Issue 6 €00723-16

Journal of Bacteriology

jb.asm.org 6


http://jb.asm.org

Iron Acquisition by C. crescentus

300 ~ ”
250 - A - B
170 | E
140 y -
Wy s TUET ¢ IBand .
100 W w——— Wy o] R4 —
L S— —— -
.-’.;.'..._-. Wi T S——) g; ‘ -
=0 — - ! | =
* —p — .
: R2 -
55 i
\. ——— 5 e ]
40 — ey

mw| 1 2 3 4
Band Mass Coverage (%) Intensity (%) Identity

R1 85581 65.0 66.0 00210
B1 78234 591 51.5 00028
B2 75525 707 48.6 02277
B3 74322 839 50.9 03023
R2 69,198 65.7 15.4 01196

FIG 5 Iron-regulated cell envelope proteins of C. crescentus. Cell envelopes from NA1000 grown under
iron-replete (odd lanes) or iron-deficient (even lanes) conditions (see Materials and Methods) were
analyzed by SDS-PAGE. In both panels the molecular weight markers (mw) were from another portion of
the same gel and juxtaposed to the lanes of interest. (A) Solubilization with 0.5% Sarkosyl. Cell envelope
fractions were extracted with 0.5% Sarkosyl at 4°C for 20 min, and insoluble material was pelleted by
centrifugation. We collected the supernatants (lanes 1 and 2) and resuspended the pellets (lanes 3 and
4) in distilled water, added SDS-PAGE sample buffer, analyzed the proteins (~30 png/lane) by SDS-PAGE,
and stained them with Coomassie blue. After destaining, we excised the bands marked with arrowheads,
which were overexpressed during iron deprivation (100 wM enterobactin; blue) or iron repletion (50 uM
FeSO,; red), determined the masses of their tryptic peptides, and identified them from their correspon-
dence with the predicted masses of TBDT in the C. crescentus genome. The tryptic peptides and noted
proteins had 49 to 66% identity and 59 to 83% coverage of the mature sequences. The predicted masses
of mature 00210, 00028, 02277, 03023, and 01196 were 85.6, 78.2, 75.5, 74.3, and 69.2 kDa, respectively,
which agreed with their relative SDS-PAGE mobilities. (B) Solubilization with 0.1% Sarkosyl. Because of
the tendency of TBDT to equally partition between the 0.5% Sarkosyl-soluble and -insoluble fractions (A),
we conducted a series of extractions with reducing concentrations of the detergent. SDS-PAGE of the
supernatants (lanes 5 and 6) and the pellets (lanes 7 and 8) from extractions with 0.1% Sarkosyl for 20
min at 4°C showed a more typical fractionation in which known OM proteins (e.g., TBDT) remained in the
insoluble fraction.

relationship to E. coli ferric hydroxamate receptors. These identities, consistent with
ferric siderophore transporters, combined with their Fur-regulated, enhanced ex-
pression under iron-deficient conditions, suggested that proteins 00028, 00138,
02277, and 03023 are iron transporters in C. crescentus. The other group of C
crescentus TBDT (Fig. S3), which were overexpressed by high levels of extracellular
iron (24), are typified by 00210 in the green branch. At present, their physiological
functions are unknown.

Iron-regulated cell envelope proteins. To identify the iron-regulated OM proteins
of C. crescentus and the extent of their derepression by iron sufficiency or iron
deficiency, we inoculated NA1000 in NB and added either FeSO, (50 uwM) or entero-
bactin (100 nM) when the culture entered exponential growth phase. Following growth
for an additional 5 to 6 h at 30°C, we prepared the cell envelopes and extracted them
with sodium sarcosinate (Sarkosyl). Differential extraction with 0.5% Sarkosyl usually
separates IM and OM fractions of Gram-negative bacteria (45). However, the OM
proteins of C. crescentus were more susceptible to solubilization (Fig. 5). This conclusion
came from the facile solubilization of its TBDT, which are known OM proteins from their
B-barrel architecture (63), by exposure to 0.5% Sarkosyl for 30 min at 25°C. Decreasing
the temperature to 4°C and the time to 20 min improved the differential extraction of
IM and OM, but reducing the Sarkosyl concentration to 0.1% resulted in a typical
separation of inner and outer membranes (Fig. 5B) in which the bulk of TBDT remained
in the insoluble fraction. Sarkosyl solubilizations also improved SDS-PAGE resolution of
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FIG 6 Analysis of the ccrA02277 (AhutA) strain. (A) Siderophore nutrition tests were conducted, as described in the
legend to Fig. 2, with C. crescentus NA1000 (left) and its A02277 derivative (right). Paper discs on the agar surface
contained 10 ul of 50 uM solutions of the following: 1, ferrichrome; 2, ferrichrome A; 3, ferric aerobactin (200 uM);
4, ferrioxamine B (200 wM); 5, hemin; and 6, hemoglobin (15 wM). (B) SDS-PAGE of C. crescentus using 0.1% sodium
sarcosinate-insoluble cell envelope (OM) fractions prepared as described for Fig. 5. The Coomassie blue-stained gels
confirmed that relative to NA1000 (lane 1), the A02277 strain (lane 2) lacked a 75.5-kDa band (arrow), as expected.
The molecular weight markers (mw) were from another portion of the same gel and juxtaposed to the lanes of
interest.

the protein components, and SDS-PAGE gels of Sarkosyl-solubilized and Sarkosyl-
resistant fractions revealed numerous iron-regulated cell envelope proteins (Fig. 5) that
illustrated the similar response of C. crescentus to that of other Gram-negative bacteria
(34) during iron deprivation. We also performed isopycnic sucrose gradients in an
attempt to separate the IM and OM of C. crescentus (58, 59), but despite apparent
separation of the two fractions (Fig. S1A), SDS-PAGE of their component proteins did
not reveal many differences (Fig. S1B), suggesting that the membranes did not genu-
inely separate from each other.

To identify the proteins of interest, we excised bands from the gels, digested them
with trypsin, and subjected the samples to matrix-assisted laser desorption ionization-
time-of-flight (MALDI-TOF) mass spectrometry. When matched with predicted tryptic
degradation patterns of C. crescentus TBDT, the procedure discovered several of the
iron-regulated proteins in the samples. The results reiterated the derepression of TBDT
proteins 00028, 02277, and 03023 by iron deficiency (24). The predicted masses of the
three mature proteins were 78.2, 75.5, and 74.3 kDa, respectively, which agreed with
their mobility on SDS-PAGE gels (Fig. 5). We also identified two proteins that were
overexpressed by iron repletion: 00210 and 01196. The former protein was previously
identified as an iron-regulated TBDT (24); the latter was denoted as an iron-regulated
outer membrane virulence protein (25) but was not previously recognized as a TBDT or
known to be iron regulated (24). However, 01196 was overexpressed during growth of
C. crescentus with 50 uM FeSO, (Fig. 5), and its C domain has 18% identity to the
B-barrel of E. coli FepA (EcoFepA) (see below), confirming its relationship to the TBDT
family. The predicted masses of the mature 00210 and 01196 proteins, 85.6 and 69.2
kDa, concurred with their mobility in SDS-PAGE.

Ccr02277 (HutA) is a receptor for heme/hemoglobin. The 25% identity between
Ccr02277 and EcoCir indicates a comparable structural fold (60-62). In that sense,
Ccr02277 is a typical TBDT (7, 32, 63), with only slightly less identity to EcoFepA (23%)
and EcoBtuB (22%). The extent of Ccr02277 relatedness to these E. coli TBDT is higher
than the overall identity among all E. coli TBDT (18.2%). These data, and its well-defined
TonB box (DKVTVTAT), implied the TonB dependence of Ccr02277. We engineered a
precise deletion of ccr02277 and characterized the resulting strain’s iron acquisition
properties. The mutant was unable to acquire hemin or hemoglobin in nutrition tests
and, as expected, lacked the 75.5-kDa iron-regulated OM protein in Sarkosyl extracts of
C. crescentus cell envelopes (Fig. 6). Consequently, we named the locus hutA, for its role
in hemin/hemoglobin utilization.
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DISCUSSION

Our findings demonstrate that C. crescentus NA1000, which does not elaborate sidero-
phores, utilizes a variety of ferric hydroxamates and a mixed alpha-hydroxycarboxylate
ferric chelate. This strategy of xenosiderophore piracy combats the low availability of iron
in aquatic environments, where cyanobacteria of Anabaena spp., for example, produce
both hydroxamate (64) and catecholate (65) siderophores. Like C. crescentus, blue-green
algae obtain iron through TonB-dependent uptake systems (66, 67), so this overall mech-
anism of Gram-negative bacterial iron acquisition is common in aquatic milieu. On the
other hand, the inability of NAT000 to utilize ferric enterobactin or any other ferric
catecholates we tested distinguishes it from many free-living, commensal, and pathogenic
Gram-negative species. Ninety-four percent of tested Gram-negative bacteria transport
ferric enterobactin (34), the native catecholate siderophore of Enterobacteriaceae (1, 2),
including strains from the genera Escherichia, Shigella, Salmonella, Klebsiella, Citrobacter,
Serratia, Enterobacter, Edwardsiella, Hafnia, Yersinia, Providencia, Morganella, Proteus, Hae-
mophilus, and Neisseria. C. crescentus likely encounters ferric catecholates in its natural
environment, given that soil and surface water are also habitats for Klebsiella, Enterobacter,
and Erwinia spp., all of which produce enterobactin (68). It is curious that C. crescentus does
not take advantage of the presence of enterobactin. Instead, the apocatecholate that has
the highest affinity for iron among natural or synthetic chelators is a potent inhibitor of C.
crescentus growth.

Hemin/hemoglobin uptake, conferred by the newly discovered TBDT HutA, was a
second noteworthy attribute of C. crescentus iron metabolism. This ability may pertain
to the aquatic environment it inhabits, where iron or other metal porphyrins may be
present in decaying biomatter. The utilization of iron from hemin/hemoglobin by the
TonB-dependent OM protein HutA is the first demonstration of this ability for this
protein, its cognate transporter, or that of any iron transporter in C. crescentus.
However, other well-studied soil alphaproteobacteria, including the two nitrogen-fixing
symbionts Sinorhizobium meliloti (69) and Bradyrhizobium japonicum (70), are known to
use hemin. In the latter case heme uptake is not essential for nitrogen fixation, but it
gives B. japonicum an alternative iron source in its nonsymbiotic state. Although little
is known about heme utilization by freshwater bacteria, marine alphaproteobacteria
from the Roseobacter clade also use it as an iron source (71).

Fur, the ferric uptake regulator, senses iron levels in bacterial cells and controls gene
expression according to iron availability (72, 73): iron limitation triggers expression of
Fur-regulated genes. Low iron stress of C. crescentus induces four TBDT to higher
expression levels, as shown by global transcriptomic analyses (23, 24) and our studies.
Transcription from 00028, 00138, 03023, and hutA (02277) is repressed by Fur when iron
is abundant (23, 24). We observed and identified the latter protein in our experiments.
As expected, addition of 100 uM enterobactin increased its synthesis and 50 uM FeSO,,
decreased it. Its regulation concurs with the fact that HutA acquires iron as hemin/
hemoglobin. We expect that other negatively regulated TBDT transport the ferric
hydroxamates that conferred growth in nutrition tests, but this remains for further
study. The biochemical functions of TBDT that are overexpressed during iron repletion
are more difficult to rationalize. Expression of 00210 and 01196, for example, increased
as iron became more readily available. 00210 is one of six positively iron-regulated
proteins (23, 24) in the same branch of the cladogram of full-length proteins. Although
we cannot yet postulate their function or transport substrates, the results suggest that
they are functionally or physiologically related to cellular iron metabolism. 01196 was
not previously implicated as a TBDT, but our studies identified it as one.

Caulobacters thrive in natural aquatic environments of low organic content, in part
by producing an arsenal of enzymes that allows them to obtain nutrients from sources
like the plant polysaccharides cellulose, xylan, lignin, glucan, and pectin (14). Their
attachment to surfaces via the holdfast present at the tip of the stalk (74, 75), including
the surfaces of other microrganisms, such as green and blue-green algae and diatoms,
distinguishes the caulobacters from most other aquatic, chemoheterotrophic bacteria.
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This capacity potentially allows them to scavenge nutrients, including iron, from other
organisms. C. crescentus may rely on TBDTs to perform most of its nutrient uptake, as
suggested by the 62 TBDT structural genes in its genome (14). Besides transporting
iron, its TBDTs act to accumulate maltose (26, 29) and potentially other sugars (27, 28).
The localization of TBDT 02370, which transports maltodextrins (MalA) (26, 29), in the
purple branch of the full-length TBDT cladogram suggests that the 18 other TBDTs in
the same branch also act in sugar or solute uptake. Unlike the gut microenvironment
of enteric bacteria, in natural aqueous surroundings carbon sources such as maltose
likely do not reach high enough concentrations to traverse the OM by passive diffusion
through general porins or even facilitated diffusion through specific porins (76). TBDTs
solve this dilemma with sufficiently high affinity to absorb and transport ligands from
solution. This function must be reconciled with the bioenergetics of TonB-dependent
transport. FepA-mediated OM transport of ferric enterobactin requires expenditure of
~4 ATPs per iron atom (77). However, aerobic bacterial catabolism of glucose yields as
much as 38 ATPs/molecule, so TonB-dependent transport of di- or oligosaccharides like
maltose or maltodextrin is potentially energetically affordable despite extra energetic
cost at the OM stage. Second, like Vibrio spp. (78), Pseudomonas spp. (79-81), and
Acinetobacter spp. (82) that encode 2, 3, and 3 TonB proteins, respectively, annotations
of the C. crescentus genome (14) predict that it contains two TonB proteins (29). It is of
interest to determine why multiple TonB proteins are needed in these organisms,
whether they have specific partners among the multitude of TBDTs in the C. crescentus
OM, and if so, how they achieve their specificity.

In summary, the experiments reported here revealed numerous attributes of C.
crescentus iron acquisition. (i) It utilizes many ferric hydroxamates, some mixed ferric
siderophores and hemin, but not ferric catecholates. In this sense it resembles the
saprophytic bacterium and human pathogen Listeria monocytogenes, which likewise
does not produce siderophores but utilizes ferric hydroxamates in wild environments
and heme/hemoglobin in the host (83-86). (ii) Inability to transport ferric enterobactin
makes (apo)enterobactin an effective agent for iron deprivation of C. crescentus, which
will aid the study of its cell envelope iron acquisition biochemistry. (iii) The affinities and
transport rates of C. crescentus ferric siderophore uptake systems match those of
Enterobacteriaceae, indicating equivalent selectivity and discrimination of iron com-
plexes. (iv) The 62 TBDT of C. crescentus fall into 4 bioinformatic groups or branches in
their cladogram of sequence homology: two contain putative iron transporters, a third
contains TBDT that are overexpressed in iron repletion, and the fourth appears spe-
cialized in uptake of other solutes. (v) Under iron-limiting conditions, C. crescentus
overexpresses four OM TBDT that are closely structurally related to iron-specific TBDT of
Enterobacteriaceae. (vi) Conversely, unlike enteric bacteria, the 62 TBDTs of C. crescentus
include OM proteins that are overexpressed by iron repletion. (vii) The identities of five
TBDT are now known: three were overexpressed in iron-deficient conditions (00028, 02277,
and 03023), and 2 were overexpressed in iron-replete conditions (00210 and 01196). (viii)
ccr02277 (which we designated hutA) encodes an OM TBDT for hemin/hemoglobin that is
Fur regulated and derepressed by growth under low-iron conditions. Additional biochem-
ical characterizations of these newly discovered iron-regulated transporters will allow us to
understand each one’s role in Caulobacter iron homeostasis.

MATERIALS AND METHODS

Bacterial strains, media, and culture conditions. C. crescentus strain NA1000 (87) and its A02277
derivative, strain MM90, were grown at 30°C in PYE (36) or nutrient broth (NB) (88) medium containing
0.5 mM CaCl,. We supplemented media with nalidixic acid (20 png/ml) or kanamycin (Km; 5 wg/ml for C.
crescentus and 50 ug/ml for E. coli) as necessary. Escherichia coli strain S17-1 (89) was grown in
Luria-Bertani medium containing tetracycline (12.5 ug/ml). Conjugation with S17-1 allowed introduction
of plasmids into C. crescentus NA1000 (89). Solid medium contained 1.5% agar, and for siderophore
nutrition tests we used 0.75% agar in NB. After culturing NA1000 in NB with 10 mM MgCl, or in brain heart
infusion (BHI) broth, we added a nonutilizable iron chelator at mid-log phase to deprive the bacteria of
adventitious iron. We initially used «,a-bipyridyl (BP; 0.2 mM) to elicit low-iron stress but later switched to
enterobactin, because the potent E. coli siderophore was not utilized by C. crescentus (see Results).
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Bioinformatic analysis of C. crescentus TBDT. We accessed information on the genome of C
crescentus NA1000 from the Kyoto Encyclopedia of Genes and Genomes (http://www.genome.jp/kegg-bin/
show_organism?org=ccs), which is searchable for chromosomal loci according to 5-digit identifiers that
convey their relative positions on the genomic map. Here, we designate loci of interest according to this
numerical convention. For sequence analyses and ensuing comparisons we used the complete protein
sequences of C. crescentus putative TBDTs (14, 25), except locus 00779 (which encoded a protein only 133
residues in length). We initially aligned them using CLUSTALW?2 (90), which identified their TonB box and
N domain-C domain junction regions from homology to E. coli FepA (EcoFepA). We then analyzed
sequence relationships among the proteins by separate CLUSTALW2 comparisons of their TonB boxes,
N domains, C domains (B-barrel), and full-length mature proteins. We used SignalP 4.1 to predict the
mature protein sequences (http://www.cbs.dtu.dk/services/SignalP/).

Construction of strain MM90 (A02277). We generated a deletion of the gene encoding putative
TBDT 02277 by amplifying its flanking regions from NA1000 genomic DNA with the oligonucleotide pair
2277-1F (AAAAGCTTCGACTGGATCTGGTAGACG()/2277-2R (AAGGATCCCCCCTCTAAACACTAAAACATG) or
2277-3F (AAGGATCCCTGACGGACGAGAAATACTGG)/2277-4R  (GCCGTACTTGCCATACCAGC) (restriction
sites are underlined). The PCR mixtures contained 12.5 pmol oligonucleotide primers, 0.3 mM deoxy-
nucleoside triphosphates (dNTPs) (Invitrogen), 5% dimethyl sulfoxide, and 0.625 U Pfu DNA polymerase
(Fermentas) in enzyme reaction buffer. The PCR conditions were 95°C for 6 min, followed by 35 cycles
at 95°C for 1 min, 55°C or 64°C for 30 s, and 72°C for 2 min. At completion we incubated the reaction
mixtures at 72°C for an additional 7 min and stored them at 4°C. We individually cloned the products into
PGEM T-Easy (Promega) and confirmed them by DNA sequencing. After digesting the plasmids with
Hindlll/BamHI (for the product of 2277-1 and 2277-2) or BamHI/EcoRlI (for the product of 2277-3 and
2277-4, using an internal EcoRl site), we cloned the amplified regions in tandem into suicide vector
pNPTS138 (a gift from D. Alley). pNPTS138 is a derivative of pNPTS129 (91), which contains a Km
resistance marker. It cannot replicate in C. crescentus, so growth in the presence of Km selects for its
insertion into the chromosome by homologous recombination mediated by the cloned fragments.
Subsequent growth in the presence of sucrose selects for loss of the vector sequences by a second
recombination event, producing clones that contained the desired deletion of the target gene. We
confirmed the deletion that precisely removed the entire structural gene by DNA sequencing of PCR
products from the chromosome.

Siderophores. For preparation of catecholate ferric siderophores, a micromole of purified, crystalline
aposiderophore (agrobactin, corynebactin, enterobactin, and vibriobactin) was dissolved in 0.5 ml of
methanol and mixed with 0.5 ml of equimolar aqueous FeSO,, and after a few minutes we added
NaHPO,, pH 6.9, to 50 uM. After an hour we purified the iron complexes by chromatography on
Sephadex LH20 (35). For preparation of ferric hydroxamate siderophores, we dissolved the crystalline
compounds in sterile distilled water to a stock concentration of 1 mM; for ferrichrome A, we neutralized
the solution with 30 mM NaOH. We performed wavelength scans from 350 to 700 nm to determine the
concentrations of the ferric siderophores and to verify their purity.

For [*°Fe]Fc, we mixed 10 ul of 4.2 mM 5°FeCl, (NEN-037; Perkin-Elmer Corp.) with excess apoferrichrome
(approximately 10 wl of a 10 mM solution) in 450 ul of 0.01 N HCl, added 50 ul of 0.5 M NaHPO,, pH 7,
incubated the mixture for 1 h at room temperature, and chromatographed the solution on an anion exchange
(DE52) column in 50 mM Tris-Cl, pH 7. Ferrichrome is uncharged, so [*°Fe]Fc passed through the resin. We
spectrophotometrically determined its concentration at 425 nM (g,,,, = 2.9). For [*°Fe]Cit, we mixed a 50-fold
excess of sodium citrate at pH 7 with >°FeCl; and used it without further purification.

Siderophore nutrition assays (35). After overnight growth of C. crescentus in NB, we diluted the
culture to an optical density at 600 nm (OD,,) of 0.1 in NB and allowed the cells to shake at 30°C until
they grew to an ODg, of 0.3. For standard petri dishes, we plated 200 ul of the culture in 20 ml of NB
top agar containing BP (200 uM) or enterobactin (100 wM). For 6-well plates, we added 100 nl of bacterial
culture to 3 ml of NB top agar and poured the seeded agar into the individual wells. After the agar
solidified, in standard petri plates we deposited 6 or more paper discs (6-mm diameter) on the surface;
for 6-well plates, we placed a single filter paper disc in the center of each well. We then added 10 ul of
a 50 uM solution of ferric siderophore to each disc (35). After incubation at 30°C for 24 h, we observed
and measured bacterial growth halos around the paper disks.

Growth in liquid media. Following overnight growth of C. crescentus in NB, we diluted the culture
to an ODg,, of 0.05 and continued shaking at 30°C. At an ODg,, of 0.2 we divided the culture into five
aliquots: three contained BP (50, 100, or 200 uM final concentrations), one had 100 wM enterobactin, and
one remained as an unaltered, NB control. We measured growth by OD,,, determinations at regular
intervals. After 18 h, we split the cultures and added ferrichrome to half of the samples to a final
concentration of 10 uM. The procedure created iron-deficient and iron-replete cultures; we monitored
their growth rates by OD,,, determinations at regular intervals.

59Fe-siderophore binding and transport measurements. For [>°Fe]Fc binding and transport
determinations, we cultured C. crescentus in NB and rendered it iron deficient by the addition of
enterobactin to 100 uM, followed by shaking for 3 h. For [°°Fe]Fc adsorption measurements, we pelleted
the cells by centrifugation, chilled them on ice for an hour, and measured their affinity (K,) and capacity
for [*°Fe]Fc (specific activity of 25 to 100 cpm/pMol) by filter binding assays (92). For [>°Fe]Fc uptake
determinations, we directly used the cells in NB at 30°C and measured the affinity (K,,) and rate (V,,,,,)
of ferric siderophore transport (92).

In E. coli, FeCit uptake is negatively regulated by Fur and positively regulated by extracellular citrate
(56). For measurement of >°Fe-citrate uptake by C. crescentus, we grew NA1000 in NB to mid-log phase,
added both enterobactin and sodium citrate to 100 uM, and incubated the cultures for 3 h at 30°C with
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shaking. After washing twice with phosphate-buffered saline (PBS), we resuspended the cells in PBS plus
0.2% glucose at 30°C and incubated them with increasing concentrations of [*°Fe]Cit (specific activity of
25 to 100 cpm/pMol) for 3 min, with the organic ligand in 50-fold molar excess. At the end of the
incubation, we collected the cells by filtration on 0.45-um HAWP filters (Millipore), washed the filters with
0.9% LiCl, and recorded radioactivity in a Packard Cobra gamma counter. We also performed uptake
measurements in the presence of the proton ionophore CCCP after preincubating the cells with 0.5 mM
CCCP for 15 min at 37°C before initiation of the >°Fe-citrate uptake assays.

For both [5°Fe]Fc and [*°Fe]Cit, we measured the concentration dependence of adsorption and
transport by adding appropriate amounts of 5°Fe complexes to two aliquots of 2 X 107 cells of NA1000
and incubating the aliquots for 5 s and 185 s, respectively, before collecting and washing the cells on
0.45-um HAWP filters. The 5-s time point measured the amount initially bound to the cells, which, when
subtracted from the second time point, gave the amount transported during a 3-min period. At each
concentration we collected data in triplicate, averaged the values, and determined the K, and capacity
of *°Fe complex binding with the “bound-versus-total” equation of Grafit 6.09 (Erithacus, Ltd., Middlesex,
United Kingdom) or the K,, and V, ,, of transport with the “enzyme kinetics” equation.

Detergent extractions of cell envelope proteins. Detergent solubilization facilitates the electropho-
retic resolution of C. crescentus cell envelope proteins (57, 93-95); we utilized 0.1 to 0.5% sodium sarcosinate
(Sarkosyl) to solubilize TBDT for mass spectrometry. After growth in NB containing either 50 uM FeSO,
(iron-replete conditions) or 100 wM enterobactin (iron-deficient conditions [see Results]), we pelleted the cells
by centrifugation, resuspended them in ice-cold 50 mM Tris-Cl, pH 7.4, containing trace amounts of DNase
and RNase, and lysed them by passage through a French press at 14,000 Ib/in2. After a low-speed centrifu-
gation to remove unbroken cells and debris, we spun the lysate for 1 h in a microcentrifuge at 13,000 rpm
to pellet the cell envelopes, resuspended the pellets in PBS, and added Sarkosyl to 0.1 to 0.5% at 4°C
for 20 min, followed by centrifugation for 1 h in a microcentrifuge at 13,000 rpm to separate
Sarkosyl-soluble (supernatant) and Sarkosyl-insoluble (pellet) proteins (34). We also subjected C.
crescentus cell envelopes to isopycnic sucrose gradients (45, 58) and differential extractions with
Triton X-100 (41) to fractionate inner and outer membranes, but these approaches were less
effective (see the supplemental material).

SDS-PAGE. We analyzed the proteins in bacterial cell lysates or cell envelope fractions by
SDS-PAGE (92, 96). Equal amounts of protein extracts were suspended in SDS sample buffer plus 3%
B-mercaptoethanol, boiled for 5 min, and electrophoresed at room temperature, and the gels were
stained with a solution of Coomassie blue.

Mass spectrometry. We excised protein bands of interest from Coomassie blue-stained polyacryl-
amide gels, destained them in a 1:1 mix of 200 mM ammonium bicarbonate (NH,HCO,) and acetonitrile
(ACN), denatured the proteins with 50 mM dithiothreitol, and carbamidomethylated them with 100 mM
iodoacetamide. The bands were dehydrated in 100% ACN and digested with 100 ng of Trypsin Gold
(Promega) in 50 mM NH,HCO,. After 18 h, we extracted the peptides from the gel with a 1:2 mix of 1%
trifluoroacetic acid (TFA) in ACN, concentrated them in a speed vacuum, and applied them to a
MALDI-TOF mass spectrometer (Bruker Ultraflex Ill) using 50 mg/ml 2,5-dihydroxybenzoic acid (DHB)
matrix in 1:1 ACN and 0.1% TFA. The data were processed with the open-source software mMass
(http://www.mmass.org), and the peak list was searched against the NCBI MASCOT database. Protein
candidates were further analyzed by using BLASTP to match similar peptides to C. crescentus genomic
data from KEGG strain NA1000 (25) (http://www.genome.jp/kegg-bin/show_organism?org=ccs) and
UCSC strain CB15 (95) (http://archaea.ucsc.edu/cgi-bin/hgTracks?hgs,id=1974688). The matched pro-
teins from strain NA1000 were in situ digested in mMass, and the MALDI data were matched to determine
sequence and peptide intensity coverage, both of which were typically >50%.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
JB.00723-16.

TEXT S1, PDF file, 0.6 MB.
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