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Abstract

temperatures (26°C and 37°C).

adaptation processes to iron starvation.

Background: The Gram-negative bacterium Yersinia pestis is the causative agent of the bubonic plague. Efficient
iron acquisition systems are critical to the ability of Y. pestis to infect, spread and grow in mammalian hosts,
because iron is sequestered and is considered part of the innate host immune defence against invading
pathogens. We used a proteomic approach to determine expression changes of iron uptake systems and
intracellular consequences of iron deficiency in the Y. pestis strain KIM6+ at two physiologically relevant

Results: Differential protein display was performed for three Y. pestis subcellular fractions. Five characterized Y.
pestis iron/siderophore acquisition systems (Ybt, Yfe, Yfu, Yiu and Hmu) and a putative iron/chelate outer
membrane receptor (Y0850) were increased in abundance in iron-starved cells. The iron-sulfur (Fe-S) cluster
assembly system Suf, adapted to oxidative stress and iron starvation in E. coli, was also more abundant, suggesting
functional activity of Suf in Y. pestis under iron-limiting conditions. Metabolic and reactive oxygen-deactivating
enzymes dependent on Fe-S clusters or other iron cofactors were decreased in abundance in iron-depleted cells.
This data was consistent with lower activities of aconitase and catalase in iron-starved vs. iron-rich cells. In contrast,
pyruvate oxidase B which metabolizes pyruvate via electron transfer to ubiquinone-8 for direct utilization in the
respiratory chain was strongly increased in abundance and activity in iron-depleted cells.

Conclusions: Many protein abundance differences were indicative of the important regulatory role of the ferric
uptake regulator Fur. Iron deficiency seems to result in a coordinated shift from iron-utilizing to iron-independent
biochemical pathways in the cytoplasm of Y. pestis. With growth temperature as an additional variable in
proteomic comparisons of the Y. pestis fractions (26°C and 37°C), there was little evidence for temperature-specific

Background

Yersinia pestis, a Gram-negative bacterium, is the causa-
tive agent of the bubonic and pneumonic plague. The
pathogenic lifestyle of this microbe involves two distinct
life stages, one in the flea vector, the other in mamma-
lian hosts, primarily rodents [1]. Genome sequencing
and analyses have been completed for four major Y. pes-
tis biovars, including the chromosome [2] and three
virulence/transmission-associated plasmids [3,4] of the
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KIM strain, which belongs to the biovar mediaevalis. In
addition to plasmid-encoded virulence factors, the
genetically unstable chromosomal 102-kb pgm locus is
also important for full virulence of Y. pestis in mammals
and for its transmission via blocked fleas [5,6]. This
locus encodes the yersiniabactin-dependent iron trans-
port (Ybt) system and the hemin storage (Hms)-depen-
dent biofilm system. Biofilm formation allows
colonization of the flea proventriculus causing blockage
which in turn induces active feeding behavior [7,8].
Efficient iron acquisition systems are critical to the
ability of Yersinia pestis to infect, spread and grow in
mammalian hosts, because iron is sequestered and is
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considered part of the innate host immune defence
against invading pathogens [9]. The Ybt system includes
a series of enzymes responsible for the siderophore’s
biosynthesis. Following secretion and iron chelation, the
iron/yersiniabactin complex is bound by the outer
membrane (OM) receptor Psn and transferred into the
periplasm via TonB-dependent energy transmission.
Binding of the complex to the periplasmic surface of
the inner membrane-localized ATP-binding cassette
(ABC) transporter YbtP/YbtQ, which contains two per-
mease and two ATP-binding domains, initiates iron
import into the cytoplasm. A functional Ybt transporter
is required for bacterial infection by subcutaneous
routes and important for iron acquisition in early stages
of the bubonic plague in mice [10-12]. The manganese-
and iron-specific ABC transporter Yfe is also important
for full Y. pestis virulence according to data from a
bubonic plague mouse model [13]. Other ABC trans-
porters for iron (Yfu and Yiu) and hemin (Hmu) were
functionally characterized, but were not found to be
required for virulence in the mouse model [14-16]. The
transporters Yfe and Feo serve somewhat redundant
roles in ferrous iron uptake under microaerophilic
growth conditions [17]. Genomic analysis suggests the
existence of other transporters and OM receptors for
iron/siderophores but have not been functionally char-
acterized to date [2,18].

The ferric uptake regulator Fur is a dominant tran-
scription factor controlling iron assimilation in many
bacterial species [19]. Iron transporters, iron storage
proteins and some proteins requiring iron cofactors for
function feature conserved binding sites for Fur
upstream of their genes. These sites are termed Fur-
boxes [20]. Under iron-rich conditions, Fur binds Fe**,
assumes a conformation resulting in tight binding to the
Fur-box and repression of gene transcription [21]. Low
iron levels result in the loss of this metal ion and allos-
teric conformational changes in Fur that alleviate tran-
scriptional repression. Positive regulation by Fur in
Gram-negative bacteria seems to be primarily indirect
via negative transcriptional control of small RNAs
[22-24]. The Fur-dependent E. coli small RNA is termed
RyhB, and two RyhB orthologs were discovered in the Y.
pestis CO92 genome [22]. E. coli RyhB controls the
expression of genes whose products store iron or con-
tain iron cofactors such as heme and iron-sulfur (Fe-S)
clusters [25,26]. The Fe-S cluster proteins FNR, IscR
and SoxR are important global regulators [27]. Some
enzymes with functions in diverse branches of cellular
energy metabolism [28-30] also contain Fe-S clusters.
Thus, widespread changes in the proteome and metabo-
lome of bacteria occur due to iron starvation. In E. coli,
the Fur regulon was reported to overlap functionally
with the regulons of the catabolite repressor protein

Page 2 of 21

[31] and the oxidative stress regulator OxyR [32]. These
overlaps suggest intriguing networks of metabolic inter-
connectivity, allowing bacterial survival and growth
under iron-deficient conditions. Iron homeostasis has
not been thoroughly investigated to date in Y. pestis.
Human plasma is an iron-limiting environment, and
growth condition-dependent comparisons of Y. pestis
transcriptional patterns have included growth in human
plasma [33]. Many genes involved in iron acquisition
and storage and the response to oxidative stress were
found to be differentially expressed [33-35]. There was
reasonably good agreement between the aforementioned
studies and DNA microarray data comparing a Afur
mutant with its Fur® parent strain [20].

Our objective was to assess iron acquisition and intra-
cellular consequences of iron deficiency in the Y. pestis
strain KIM6+ at two physiologically relevant tempera-
tures (26°C and 37°C). Bacterial cultures weregrown in
the absence and presence of 10 uM FeCl;. Cell lysis was
followed by fractionation into periplasm, cytoplasm and
mixed membranes. Upon pooling of two biological repli-
cate samples for each growth condition, proteins were
analysed by differential 2D gel display. Considering the
high number of distinct experimental groups (fractions)
and at least three required technical 2D gel replicates
per experiment for meaningful statistical analyses, the
rationale for sample pooling was to keep 2D gel runs at
a manageable level. Sample pooling has the disadvantage
that information on quantitative variability of proteins
comparing biological replicates is not obtained. Pro-
teome analysis was performed for two equivalent growth
time points (13-15 h), which represented the stationary
phase for iron-replete conditions (ODggy ~2.0) and
growth arrest at the ODgog of ~0.8 for iron-deficient
conditions.

Methods

Bacterial strains and culture conditions

The Y. pestis strain KIM6+ used in this study is an
avirulent derivative of the fully virulent KIM strain,
which was cured of the pCD1 plasmid but retained the
chromosomal pgm locus and the plasmids pMT1 and
pPCP1 [36]. We used strain maintenance and cell
growth procedures and verified the presence of the pgm
locus on Congo Red agar as described previously [37].
Bacterial colonies were grown on tryptose blood agar at
30°C, harvested after 48 h and stored at -80°C. Aliquots
of these cell stocks were used to grow 5-10 mL cultures
in chemically defined PMH2 medium [14] supplemented
with 10 uM FeCl;, followed by dilution to an ODggo of
~0.05 with 0.3-1 L of PMH2. PMH2 was deferrated by
incubation with Chelex-100 resin overnight at 4°C [14].
Two passages of cell stocks in 10-30 mL of this medium
were followed by dilution to an ODgpo of ~0.05 with
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0.3-1 L of deferrated PMH2. Overnight cell cultures (13-
15 h) reached ODggos of ca. 1.8-2.5 and 0.6-0.9 for iron-
rich and iron-deficient cells, respectively. Chelex-100
treatment was previously shown to reduce contaminat-
ing iron levels to 0.2-0.3 uM, and replenishment of this
medium with 10 uM FeCl; resulted in full recovery of
the normal Y. pestis growth rate and yield. Chelex-100
treatment likely removes some other metal ions as well.
However, in contrast to iron, addition of Mn, Zn and
Cu did not enhance the observed growth rate or yield.
Cell pellets were harvested by centrifugation at 8,000 x
g for 15 min at 4°C and washed with ca. 30 volumes of
33 mM K,HPO, (pH 7.5).

Subcellular fractionation of Y. pestis cells
KoHPO,4-washed Y. pestis cells were subjected to a lyso-
zyme/EDTA spheroplasting method, followed by lysis of
spheroplasts via sonication in a hypotonic buffer as pre-
viously described [38,39]. Soluble periplasmic and cyto-
plasmic fractions were exchanged into buffer A (25 mM
NH,HCO3;, 1 mM Na-EDTA and 1 mM benzamidine)
and concentrated to 2-5 mg/mL protein at 3,000 x g
using membrane filtration units (NMWL ~10,000). Pro-
tein concentrations were measured with the bicinchoni-
nic acid assay, unless stated otherwise. Mixed
membrane pellets were isolated from spheroplast lysates
by centrifugation at 50,000 x g for 1 h at 4°C. These pel-
lets were homogenized in 0.25 M sucrose, 150 mM
NaCl, 10 mM Tris-OAc, pH 7.8, 5 mM Na-EDTA, 0.2
mM DTT, 10 ug/ml Leupeptin, 5 pg/ml Pepstatin, 10
pug/ml N, -p-Tosyl-L-arginine methyl ester and 2 mM
PMSF (ca. 10 mL/g pellet weight), and washed to
remove most soluble protein contaminants. Sodium bro-
mide (2.5 M final concentration) was added to the sus-
pended membrane pellet, stirred for 1 h at 20°C and
centrifuged at 50,000 x g for 1 h at 4°C. Insoluble pellets
were then extracted with an ice-cold solution of 0.18 M
Na,CO3, pH 11.3, 50 mM DTT, 1 mM CaCl,, 1 mM
MgCl, and 1 mM MnCl, stirred for 1 h and spun at
50,000 x g for 1 h at 4°C. The supernatants were not
processed further. The membrane protein-enriched pel-
lets were solubilised with 8 M urea, 2 M thiourea, 1%
(w/v) amidosulfobetaine 14, 2 mM tributylphosphine
and 0.5% Bio-Lyte pH 3-10 carrier ampholytes for analy-
sis in 2D gels. Following incubation for 30 min at 20°C
and centrifugation at 16,200 x g for 15 min, soluble ali-
quots of the extract, termed urea/amidosulfobetaine 14-
extracted membrane (usb-MBR) fraction, were run in
SDS-PAGE gels. Protein amounts were estimated from
Coomassie Brilliant Blue G-250 (CBB)-stained band
intensities. Integral OM proteins were more enriched
than lipoproteins and integral IM proteins. The latter
proteins tend to resist solubilisation or re-precipitate
during the IEF separation step.
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Enzyme assays

Spectrophotometric enzyme assay were performed in
96-well microtiter plates using soluble fractions of Y.
pestis cell lysates. Cells were harvested during the mid-
exponential phase (ODggg ~0.5-0.7) and stationary phase
(ODgpo ~1.8-2.1) time points from iron-replete condi-
tions in PMH2 medium at 26°C. Cells from two equiva-
lent time points (ODggg ~0.4-0.6 and ODgog ~0.7-0.9,
respectively) were harvested when growth occurred in
iron-free media at 26°C. In a 100 mM NaH,PO, buffer
(pH 6.5) with 75 pg/mL lysozyme, 1 mM Na-EDTA, 1
mM PMSF and 0.1% Triton X-100, cells were subjected
to pressure cycling (12 cycles of 35 kPsi for 5 sec and 0
Psi for 20 sec). After the addition of 5 mM MgCl, 10
pg/mL DNAse I and 10 pg/mL RNAse cell lysates were
incubated for 45 min at 20°C and centrifuged at 16,200
x g for 30 min at 4°C. The supernatants were frozen at
-80°C in the presence of 15% glycerol until used for
enzyme assays.

Pyruvate oxidase activities were determined using
sodium pyruvate and NazFe(CN)¢ as substrates and
monitoring the rate of absorbance decrease of NasFe
(CN)g at Agso (E**° = 0.218 cm™ mM™) while incubat-
ing at 30°C. Cell lysates were adjusted to ~0.4 mg/mL
protein and assayed at pH 6.0 in 120 mM NaH,POy, as
previously reported [40], with one modification: 1%
Nonidet-P40 was added to the assay buffer, because
this detergent increased the activity of PoxB. Aconitase
activities were determined using a coupled enzyme
assay converting citrate to isocitrate and, via activity of
supplemented isocitric dehydrogenase (IcdA), isocitrate
to o-ketoglutarate as previously described [41] (assay
kit from Cayman Chemicals, Ann Arbor, MI). The rate
of absorbance increases at Asqo (E**° = 0.00622 cm™
uM™) due to formation of the IcdA product NADPH
was monitored while incubating at 37°C. To increase
the pH and stabilize aconitase, crude extracts were
exchanged into 50 mM Tris-HCI (pH 7.5), 0.6 mM
MnCl, and 2 mM sodium citrate, and adjusted to ~0.5
mg/mL protein. To distinguish the aconitase/IcdA
activity from other NADP*-dependent oxidoreductive
enzymes, the aconitase inhibitor oxalomalate was
added at a 18.7 mM concentration to the assay mix-
ture. Catalase activities were determined assessing the
peroxidatic function with methanol as a substrate and
formaldehyde as a product in the presence of optimal
concentrations of H,O, at 22°C. Crude extracts were
diluted to ~0.15 mg/mL protein, and formaldehyde
was measured colorimetrically at As4o in an endpoint
assay via addition of the chromogen 4-amino-3-hydro-
zino-5-mercapto-1,2,4-triazole, as previously described
[42] (assay kit from Cayman Chemicals). Superoxide
dismutase (SOD) activities were determined using a
coupled enzyme assay measuring the dismutation of
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the superoxide radical formed by xanthine oxidase at
22°C. The reaction was coupled to the conversion of a
tetrazolium salt to formazan whose absorbance was
measured at Ayso in an endpoint assay as described
[43] (assay kit from Cayman Chemicals). Cell lysates
were diluted to ~1.1 pg/mL protein to measure SOD
activities.

Protein separation and differential display in 2D gels
Equal protein amounts from two biological replicates
of periplasmic and cytoplasmic fractions were com-
bined and diluted in a 1:5 to 1:10 ratio with RB buffer,
which contained 8 M urea, 2 M thiourea, 4% (w/v)
CHAPS, 18 mM DTT and 0.5% (v/v) Bio-Lyte pH 3-
10 carrier ampholytes. Equal protein amounts from
solubilised biological replicates of mixed membrane
fractions were also combined. The rationale for sample
pooling is described at the end of the ‘Background’
section. Circa 75 ug protein for Sypro Ruby’-stained
gels and 130 pg for Coomassie Brilliant Blue G250
(CBB)-stained gels were loaded via rehydration loading
onto 24 cm IPG gel strips (pH ranges 4-7 and 3-10)
and separated in the 1°* dimension as previously
described [39]. Established methods were also used for
2™ dimension slab gel electrophoresis (25 x 19.5 x
0.15 cm), gel staining with CBB, scanning and gel
image import into the analysis software Proteomwea-
ver v.4.0 [44]. The scope of differential 2D display
analysis was extensive, with three subcellular fractions
and four growth conditions (fourteen experimental
groups for seven group-to-group comparisons, among
them two analyses for the periplasmic fraction with
2D gels in the pH ranges 4-7 and 6.5-10). Software-
assisted gel image analysis included spot matching,
pre-match and post-match spot normalization and
spot intensity averaging. The analysis mode did
not require internal standards for spot normalization.
The Mann-Whitney Test was used for statistical
significance analysis of spot abundance changes. It is a
non-parametric two sample distribution-free t-test
and assesses whether two independent samples of
observations come from the same distribution:
nl(nl+1)
2

bers of observations in the samples and R1 is the sum
of the ranks of the observations in sample 1. P-values
determined by this test are based on 3 < n < 5 obser-
vations, which reflect 2D spot intensity data from an
equal number of replicate gels. Provided that spot
abundance ratios were >1.5, p-values < 0.02 were con-
sidered statistically significant. Protein spots observed
in only one the two sample groups required spot
matches among at least three technical replicates, but
p-values could not be determined.

U =nln2 + —R1, where nl1 and n2 are num-
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Mass spectrometry and bioinformatic protein analysis
Nearly all spots derived from 2D gels of the three
Y. pestis subcellular fractions were analyzed by mass
spectrometry (MS) two or more times. This was neces-
sary in order to link each spot abundance change unam-
biguously to identification of a distinct protein;
limitation of spot resolution in 2D gels is a known pro-
blem when the analyzed samples are highly complex.
Prerequisites for confident spot identification were
known protein identities of surrounding spots with
equal or higher abundance and the comparison of Mas-
cot scores in those spots. Methods for spot cutting and
protein digestion with trypsin were reported previously
[45]. Peptide digests were analyzed using a MALDI-
TOFTOF mass spectrometer (4700 Proteomics Analy-
zer, Applied Biosystems) and a nano-electrospray
LC-MS/MS system (LTQ ion trap mass spectrometer,
Thermo-Finnigan, San Jose, CA) equipped with an Agi-
lent 1100 series solvent delivery system (Agilent, Palo
Alto, CA). Reversed phase peptide separations for
LC-MS/MS analysis were performed at nanoflow rates
(350 nL/min). Technical details of MS and MS? analysis
methods have been described [45]. The data were
searched against the latest release of the Y. pestis KIM
strain subset of the NCBInr database, using the Mascot
searching engine v.2.1 (Matrix Science, London, UK).
Carbamidomethyl was invariably selected as a fixed
modification and one missed tryptic cleavage was
allowed. MALDI search parameters (+1 ions) included
mass error tolerances of + 100 ppm for peptide precur-
sor ions and + 0.2 Da for fragment ions. LTQ ion trap
search parameters (+1, +2 and +3 ions) included mass
error tolerances of + 1.4 Da for peptide precursor ions
and + 0.5 Da for fragment ions. Protein identifications
were accepted as significant when Mascot protein scores
>75 were obtained. Using a randomized decoy database,
setting a default significance threshold of 0.05 in the
Mascot algorithm and requiring two peptide e-values <
0.1 per protein identification, the false positive rate of
proteins by LC-MS/MS was estimated to be <0.5%.
Bioinformatic predictions of Y. pestis KIM iron trans-
porters and binding proteins, of transmembrane
domains, of protein export signal motifs and of B-barrel
OM protein motifs were derived from the algorithms
utilized in TransportDB http://www.membranetransport.
org, TMHMM and SignalP http://www.cbs.dtu.dk/ser-
vices and PRED-TMBB [46], respectively.

Results

Using subcellular fractionation and differential 2D gel
display to assess the response of Y. pestis

to iron starvation

Three subcellular fractions of the Y. pestis strain KIM6+,
a periplasmic, a cytoplasmic and a membrane fraction
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enriched in integral OM proteins, were isolated from
cells cultured at two growth temperatures (26°C and 37°
C), without FeCl; or supplemented with 10 uM FeCl;.
Data published on the periplasmic and membrane pro-
teomes of this strain facilitated the study [39,44,47].
Extensive protein identification efforts from soluble
cytoplasmic fractions were performed for this study. We
estimated the coverage of subcellular proteomes by
comparing predicted localizations of experimentally
identified proteins with those in silico assigned to the
ORFs annotated in the Y. pestis KIM genome. The algo-
rithm used here was PSORTb. Limiting this to the pro-
teins clearly assigned to distinct 2D gel spots, the
coverage was roughly 25% for the periplasm, 20% for
the cytoplasm, 1% for the IM and 25% for the OM. The
prediction of subcellular proteomes is incomplete
because assignments are not made for all ORFs (e.g.,
45% of the 4086 Y. pestis KIM ORFs using PSORTD).
Many proteins were not profiled quantitatively. How-
ever, subcellular fractionation allowed us to increase the
number of surveyed proteins and the dynamic range of
abundance measurements.

Proteome profiles derived from iron-starved and iron-
replete growth conditions, often abbreviated as ‘-Fe and
+Fe conditions’ from here on, were compared. When
cells were harvested, they were in the stationary phase
for at least 3 h (+Fe conditions) or near complete
growth arrest due to the lack of iron (-Fe conditions).
This is visualized in growth curves at the temperatures
of 37°C and 26°C provided in the graphics of Additional
File 1. Cells grown in the absence of iron at 37°C con-
sistently reached a 10-20% higher ODgg than those
grown at 26°C. Earlier growth time points (exponential
phase) would have been of interest, but were not
included due to already extensive proteomic profiling
efforts. Our rationale was that the greater difference in
cell doubling times during the exponential phase (-Fe vs.
+Fe) would have confounded identification of iron star-
vation-specific protein changes more than that for the
late growth stage.

Differential display experiments were focused on the
pH range 4-7 in 2D gels because the majority of mature
proteins have pl values ranging from 4 to 7. The
removal of basic N-terminal signal sequences from
exported proteins, which are displayed in the periplas-
mic and mixed membrane fractions, often result in a
shift towards more acidic pls. Few integral IM proteins,
typically those with low M, values, were quantitatively
profiled because TMD proteins are too hydrophobic to
be sufficiently solubilised or resolved as spots in 2D
gels. Periplasmic fractions consistently showed contami-
nation with cytoplasmic proteins which was attributed
to partial lysis of Y. pestis spheroplasts during the frac-
tionation. The outcome of this cross-contamination was

Page 5 of 21

a moderately decreased depth of analysis for periplasmic
proteins. Of nearly 250 statistically significant spot
abundance changes with confident protein identifica-
tions, observed at 26°C and/or 37°C, some were asso-
ciated with spot trains. Particularly the 2D profile of the
usb-MBR fraction featured extensive spot trains. Based
on MS? data from MALDI-TOFTOF and ESI-ion trap
experiments, we have evidence that Asn and Gln amino
acid side chain deamidations, which lead to acidic 2D
spot shifts of proteins, account for many of the spot
trains [48]. The Table of Additional File 2 lists all signif-
icant spot abundance changes (-Fe vs. +Fe conditions).
Comprehensive MS and MS? datasets are provided in
the Table of Additional File 3. The concise protein lists
in the Tables 1, 2 and 3 are of particular interest in the
context of iron homeostasis. Only if protein abundance
ratios differed substantially comparing the -Fe vs. +Fe
datasets at 26°C and 37°C, the temperature dependency
was pointed out in the following paragraphs.

Y. pestis iron acquisition systems

Proteomic profiling of characterized Y. pestis iron/sidero-
phore and heme transporters (Ybt, Yfe, Yfu, Yiu
and Hmu) was in good agreement with negative regula-
tion of the respective operons by Fur and iron
[15,16,20,49,50]. The subscript number following a
protein name represents the spot number displayed in
Figures 1, 2, 3 and 4, and is also denoted in the left-most
column of Tables 1, 2 and 3. Periplasmic binding pro-
teins of four of the ABC transporters (YfeAsgs, YiuAyes,
YiuAyg, and HmuT,se; Figures 1 and 2) were increased
in abundance in iron-starved cells. The integral IM pro-
teins YbtP and YbtQ were identified from streaky 2D
spots of the usb-MBR fraction of iron-depleted cells, but
could not be differentially quantitated. Two of these five
transporters have an OM receptor responsible for iron/
yersiniabactin or heme uptake (Psnsjor and HmuRges,
respectively; Figure 3), both of which were increased in
iron-starved cells. Y0850,9¢ (Figure 3) is hypothesized to
be a TonB-dependent OM receptor with Fe**/sidero-
phore uptake activity. This protein was also more abun-
dant in iron-depleted cells. Detection in the usb-MBR
fraction, its M, of ca. 75-85 kDa and the presence of a
highly conserved Fur-box upstream of the gene’s tran-
scriptional start site (AATGATAATTGATATCATT,
-100 to -82) with a position weight matrix score of 13.2
using the patser-matrix tool [51] further supported the
assignment as a Fur-regulated TonB-dependent OM
receptor. Furs g was also detected in the cytoplasm, but
not altered in abundance (Figure 4).

Abundance increases in iron-starved cells were
observed for the multifunctional yersiniabactin synthase
subunits HMWP1 and HMWP2 (products of the irpl
and irp2 genes, respectively) and other enzymes
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iplasmic fractions of iron-rich vs. iron-starved cells (Continued)

teins profiled in per

is pro

Abundance differences of Y. pest

Table 1

N.D.
1.032
N.D.
N.D.

0.

04490
0.001

0.89
1454

> 20
0.159
2.176
0.277

0.63

1.8

0.55
2.71
0.29
0.31
2.57
0.68

7.54
560

4.81

16562
96878
50035
36377

695

PP
PP

periplasmic superoxide dismutase (Cu-Zn)

sodC
ptr

y0815

y3165

84
85

6

1794
375
917

protease |ll

N.D.
0.000

cY

putative type VI secretion system protein

Y3676
Y3772
y3812
y3825

86
87

96

1.

6.30

putative periplasmic autoinducer Il-binding protein

IsrB
dsbA

910

0.000
0.000

8
46

1.1

591
552

1587 22454
54903

1253

PP

protein disulfide isomerase |

88
89

0.696

2.

PP

dppA  periplasmic dipeptide transport protein of ABC

transporter

0.000 0.720

2613

0.17

044
0.06
5.50
6.09

5.10
7.82

62177

1215

predicted zinc-dependent peptidase

y3837  yhjJ

90

N.D.
N.D.
2.264

N.D.
0.007

> 20
1.594
1.661

26494
33670
30250

220
2031

CcY

cap  cAMP-regulatory protein
fkpA

Y3956
y3977
y4125

91

45
67

3.

6.94

PP

FKBP-type peptidyl-prolyl cis-trans isomerase

92

0.001

6.27

2766

putative solute-binding periplasmic protein precursor

for ABC transporter

93

a) spot number as denoted in Figures 1 and 2; b) protein accession number and locus tag as listed in Y. pestis KIM genome database (NCBI); ¢) gene name and protein description from the KIM database or a

conserved E. coli K12 ortholog http://www.ecocyc.org, if >65 pct. sequence identity; d) subcellular localization based on PSORTb data: CY, cytoplasm; ML: multiple localizations; CM: inner membrane; PP, periplasm; U:

unknown; e) proven or putative regulation by Fur or a Fur-dependent small RNA (e.g. RyhB); f) highest Mascot score for a protein from LC-MS/MS or MALDI data; g) Vs (-Fe): average spot volume (n > 3) in 2D gels

for iron-depleted growth conditions at 26°C as shown in Figures 1-2; h) Vs (+Fe): average spot volume (n > 3) in 2D gels for iron-supplemented growth conditions at 26°C; i) spot volume ratio (-Fe/+Fe) at 26°C, N.D.:
not determined; -: no spot detected; j) two-tailed t-test p-value for spot abundance change at 26°C; 0.000 stands for < 0.001; k) average spot volume ratio (-Fe/+Fe) at 37°C; additional data for the statistical spot

analysis at 37°C are part of Additional Table 1. exp.pl/Mr = experimental pl and Mr values.
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contributing to yersiniabactin biosynthesis (YbtSs-3,
YbtTy,5, YbtEss¢ and YbtU,,,). The high M, proteins
HMWP1 and HMWP2 were reliably quantitated only
from SDS-PAGE gels (data not shown). The ysu locus
encodes an OM receptor (YsuR/Y2633), an ABC trans-
porter (Y2634-Y2637) and a suite of siderophore biosyn-
thetic enzymes (Y2638-Y2641). Two subunits, Y2638,
(Figure 1) and YsuRgy;o4 (Figure 3) were of low abun-
dance and detected only in iron-starved cells at 26°C.
Biosynthesis of a Ysu siderophore has not been proven,
and a siderophore biosynthetic pseudogene precedes the
y2633-y2637 locus [18]. The OM B-barrel ferrichrome
receptor FcuAo3 (Y2556) was identified as a protein of
moderate abundance in usb-MBR fractions at 26°C (Fig-
ure 3) and 37°C, but not significantly altered in abun-
dance comparing -Fe vs. +Fe conditions. Many
membrane proteins ascribed to have putative functions
in iron transport were not detected, e.g. the OM recep-
tors Y3948 and IutA/Y3385 and the transport systems
FitA-D (Y4043-Y4046), Y2837-Y2842 and FepB/Y3477.
Our data support the notion of a hierarchy of iron (Fe®
")/siderophore transporters [15], with the Ybt and Yfe
systems being dominant compared to the Yfu, Yiu and
Hmu systems. Periplasmic subunits of two ferrous iron
(Fe?*) transporters, EfeO/Y2451 and Y2368, were also
profiled in 2D gels (Figure 1). The low M, protein
Y23684,, was increased in iron-starved cells at 37°C.
The tripartite Fe®* transport protein EfeQ,;, was
increased in abundance in iron-starved cells at 26°C.

The energy metabolism of Y. pestis is affected

by iron starvation

Lower growth rates of Y. pestis in deferrated medium
followed by growth arrest at ODgoos between 0.5 and
0.9 suggest perturbations of energy generation pathways.
Many oxidoreductive processes are catalyzed by
enzymes containing Fe-S clusters or heme, and we
sought to understand the consequences of limited iron
availability as it pertains to the Y. pestis energy metabo-
lism. The EcoCyc database http://www.ecocyc.org with
its extensive data on E. coli energy metabolic pathways
and iron cofactors of proteins was a useful resource in
this context. Y. pestis aconitases A and B (AcnA,34 and
AcnB,g; Figure 4) have functions in the TCA cycle and
were decreased in abundance or detected only in iron-
starved cells. So were subunits of two other TCA cycle
enzymes harboring Fe-S clusters (SdhAy43 and FumA,;;
Figure 4). Some TCA cycle enzymes devoid of Fe-S clus-
ters were decreased at moderate levels under -Fe condi-
tions (IcdAysze, SucAggn, SucDyy; and SucBy;;;; Figure
4). Strongly decreased abundances were denoted for
AceAy, and AceB;; (Figure 4), enzymes which catalyze
the glyoxalate bypass reaction of the TCA cycle and are
regulated by the catabolite repressor protein (CRP).


http://www.ecocyc.org
http://www.biomedcentral.com/1471-2180/10/30
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Figure 1 Protein display in 2D gels of Y. pestis KIM6+ periplasmic fractions in the pl range 4-7 (-Fe vs. +Fe conditions). Proteins were
derived from cell growth in the presence of 10 uM FeCls at 26°C (top) or the absence of FeCls at 26°C (bottom). Gels (20 x 25 cm) were stained
with Coomassie Brilliant Blue G250 (CBB), with five gel replicates representing each group, and subjected to differential display analysis using the
software Proteomweaver v.4.0. Protein assignment to a spot required validation by MS data from at least two representative gels. The denoted
spot numbers are equivalent to those listed in Table 1 with their -Fe vs. +Fe’ protein abundance ratios and other data.

Glycerol kinase, also regulated by CRP, was more mod-
erately decreased in iron-starved cells (GlpKys, Figure
4). GIpK catalyzes the rate-limiting step of glycerol utili-
zation and feeds its metabolites into the glycolytic path-
way. CRP,q; itself was identified with low abundance in
the periplasmic fraction (Figure 2). In summary, the
data suggested reduced pyruvate metabolism via the
citrate cycle when iron resources are exhausted in Y.

pestis cells. Aconitase activity assays supported this
assumption; the reaction rates were 2.8-fold and 2-fold
higher in lysates derived from iron-replete cells vs. those
from iron-starved cells at 26°C (stationary and exponen-
tial phase, respectively; Table 4).

The question arose whether iron-starved Y. pestis cells
activated a different metabolic route of pyruvate degra-
dation able to produce reducing equivalents (NADH
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Figure 2 Protein display in 2D gels of Y. pestis KIM6+
periplasmic fractions in the pl range 6.5-9 (-Fe vs. +Fe
conditions). Proteins were derived from cell growth in the
presence of 10 uM FeCly at 26°C (top) or absence of FeCls at 26°C
(bottom). Gels (20 x 25 cm) were stained with CBB, with three gel
replicates representing each group, and subjected to differential
display analysis using the software Proteomweaver v.4.0. Protein
assignment to a spot required validation by MS data from at least
two representative gels. The denoted spot numbers are equivalent
to those listed in Table 1 with their -Fe vs. +Fe’ protein abundance
ratios and other data.

and UQH,) for the electron transport chain. Pyruvate
oxidase (PoxB) degrades pyruvate to acetate and is a fla-
vin-dependent, iron-independent enzyme that generates
UQH, [52]. The pyruvate oxidase pathway indeed
appeared to be important, as judged by the strong abun-
dance increase of PoxBys9 (Figure 4) under -Fe condi-
tions. The flavin cofactor may be recruited from redox
activities of two flavodoxins. FIdA3,,, was quite abun-
dant and moderately increased in iron-depleted cells
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(Figure 4). FIdA was identified in faint 2D spots and not
reproducibly quantitated. PoxB activity measurements
revealed excellent correlation between enhanced abun-
dances and increased reaction rates in iron-starved cells.
PoxB activities were 5.3-fold and 7.8-fold higher in
lysates of iron-starved cells than in lysates of iron-
replete cells at 26°C (stationary and exponential phase,
respectively; Table 4).

Electron transport chains are localized in the IM, a
fact that compromised the analysis of subunits of these
IM protein complexes in 2D gels. NuoCD,go, a periph-
eral membrane protein of the NADH:ubiquinone oxi-
doreductase, was moderately decreased in abundance in
iron-depleted cells (Figure 3). The E. coli NuoCD sub-
complex is important for binding of some of the six
Nuo-integrated Fe-S clusters [53]. Subunits of Fe-S clus-
ter proteins with roles in two anaerobic energy metabo-
lism branches were also less abundant in iron-depleted
cells. This pertained to PflB.3; and YfiDy9, proteins of
the formate-pyruvate lyase complex, and FrdAe, which
is part of the terminal electron acceptor fumarate reduc-
tase (Figure 4). Decreased abundances of metabolically
active Fe-S cluster enzymes were a notable feature of
iron-starved Y. pestis proteome profiles, while the abun-
dance and activity of PoxB suggested that this enzyme
was important to maintain the aerobic energy metabo-
lism and iron cofactor-independent generation of UQH,
in iron-deficient Y. pestis cells.

Oxidative stress response in Y. pestis under iron
starvation conditions

Oxidative stress is caused by various oxygen radicals and
H,0,, and catalyzed by redox enzymes in non-specific
reactions. While the presence of free intracellular iron
aggravates oxidative stress via the Fenton reaction, it is
mitigated by cytoplasmic proteins that scavenge free
iron, e.g. Dps and the ferritins FtnA and Bfr [54]. The
question arose how aerobically growing, iron-deficient
Y. pestis cells coped with oxidative stress. One of
the main E. coli global regulators of the oxidative stress
response, the Fe-S cluster protein SoxR, is not encoded
in the Y. pestis genome [2]. The other global oxidative
stress response regulator is OxyR. OxyRy, (Figure 4)
was not altered in abundance in Y. pestis comparing -Fe
and+Fe conditions. Among the enzymes deactivating
H,0, and oxygen radicals are catalases/peroxidases and
superoxide dismutases (SODs). Y. pestis produces
two catalases with heme cofactors in high abundance.
KatE,4 (Y2981) was predominantly expressed at 26°C
(Figure 4) and KatY,;, (Y0870) at 37°C. Cytoplasmic
SODs include SodBgs,, which has an iron cofactor, and
SodAgs,, which has a manganese cofactor (Figure 4).
Periplasmic SodC,g4 has a copper/zinc cofactor (Fig-
ure 2). Iron availability-dependent patterns of abundance
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Figure 3 Protein display in 2D gels of Y. pestis KIM6+ membrane fractions in the pl range 4-7 (-Fe vs. +Fe conditions). Proteins were
derived from cell growth in the presence of 10 uM FeCls at 26°C (top) or absence of FeCl; at 26°C (bottom). Gels (20 x 25 cm) were stained
with CBB, with five gel replicates representing each of the groups, and subjected to differential display analysis using the software
Proteomweaver v.4.0. Protein assignments to a spot (or a spot train) required validation by MS data from at least two representative gels. The
denoted spots and spot trains are equivalent to those listed in Table 2 with their '-Fe vs. +Fe’ protein abundance ratios and other data.

changes reminiscent of enzymes with functions in
energy metabolism were observed. Only the iron-depen-
dent proteins KatE, KatY and SodB were strongly dimin-
ished in abundance in iron-depleted cells (Table 3). We
also determined overall catalase and SOD activities. Cat-
alase reaction rates were 3.2-fold and 2.6-fold higher in
lysates derived from iron-replete vs. iron-starved cells at
26°C (stationary and exponential phase, respectively;
Table 4). SOD reaction rates were 2-fold higher in the
exponential phase, but not significantly altered in the

stationary phase (Table 4). This data was in good agree-
ment with differential abundance data, although indivi-
dual activities of SodA, SodB and SodC could not be
discerned with the assay.

AhpCui4, Tpxess, TrxBusg and Gstys,, all of which are
involved in redox homeostasis and deactivation of oxi-
dative compounds, were similarly abundant in iron-rich
vs. iron-starved Y. pestis cells (Figure 4). These enzymes
contain either disulfide- or flavin-based redox centers.
Dpssa4, an iron-scavenging protein important for the
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Figure 4 Protein display in 2D gels of Y. pestis KIM6+ cytoplasmic fractions in the pl range 4-7 (-Fe vs. +Fe conditions). Proteins were
derived from cell growth in the presence of 10 uM FeCls at 26°C (top) or the absence of FeCls at 26°C (bottom). Gels (20 x 25 cm) were stained
with CBB, with four gel replicates representing each group, and subjected to differential display analysis using the software Proteomweaver v.4.0.
Protein assignment to a spot required validation by MS data from at least two representative gels. The denoted spot numbers are equivalent to
those listed in Table 3 with their ~Fe vs. +Fe’ protein abundance ratios and other data.

protection and repair of DNA under general stress con-
ditions, was moderately decreased in abundance under
-Fe conditions, but only at 26°C. The OxyR H,0,-
response system of E. coli was reported to restore Fur in
its ability to repress gene expression in the presence of
iron by increasing the protein’s synthesis during oxida-
tive stress [32], a mechanism that may be applicable to
Y. pestis. We conclude that the bacterium adjusts its
repertoire of oxidative stress response proteins when
iron is in short supply, by reducing the abundance of

those proteins that require iron cofactors for functional
activity.

Iron storage and iron-sulfur cluster biosynthesis

in Y. pestis

High concentrations of free Fe>* are toxic to bacterial
cells and require sequestration by proteins. FtnA and
Bfr are the main cytoplasmic iron storage proteins.
FtnA,36 was slightly increased in iron-depleted cells at
26°C (Figure 4), but not at 37°C. Bfrys; (Figure 4) was of
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Table 4 Reaction rates for four Y. pestis enzyme classes comparing -Fe vs. +Fe conditions

Reaction rate®
(nmol min-1 mL-1); (U mL-1)”

Reaction rate®
(nmol min-1 mL-1); (U mL-1)?

Enzyme +Fe, exp, n = 4° -Fe, early, n = 5° p-value” +Fe, stat, n = 49 -Fe, late, n = 5% p-value?
Aconitase © 231 1.14 0.019 498 1.82 0.008
Pyruvate oxidase 9 167.5 1307 0.0001 463.0 2405 0.0001
Catalase @ 82.5 318 0.0001 934 290 0.0001
Superoxide dismutase 887.8 4269 0.002 4485 3125 0.234

2 Spectrophotometric assays in 96-well microtiter plates were used for the determination of enzyme reaction rates. Total protein concentrations in crude cell
lysates were the same for all samples used in a given enzyme assay: aconitase, 0.5 mg/mL; pyruvate oxidase, 0.4 mg/mL; catalase, 0.15 mg/mL; superoxide
dismutase, 1.1 pg/mL. ® Units mI™" was the definition for the superoxide dismutase reaction rate. All assays were performed in duplicate. © Reaction rates from
the linear part of the slope of the absorbance change over time. 9 Reaction rates from endpoint assays. © Number of biological replicates of cell lysates (n); exp:
abbreviation for exponential, early: early growth phase equivalent to exp. phase (-Fe); average ODgoo = 0.66 (+Fe) and ODgoo = 0.47 (-Fe); stat: abbreviation for
stationary growth phase, late: late growth phase equivalent to stat. phase (-Fe); average ODgoo = 2.0 (+Fe) and ODgoo = 0.81 (-Fe). True exponential and
stationary growth phases were not observed for cell cultures in iron-free media. f p-values were calculated from to comparison of reaction rates (+ Fe vs. -Fe)

using a two-tailed t-test method.

considerably lower abundance than FtnA and not signif-
icantly changed in abundance comparing -Fe vs. +Fe
conditions. The Y. pestis KIM genome harbors two gene
clusters orthologous to those of the E. coli isc and suf
operons (y1333-y1341 and y1934-1939, respectively).
The gene products are responsible for Fe-S cluster
assembly under normal growth and stress conditions,
respectively. E. coli sufABCDSE expression was reported
to be controlled by the regulators OxyR (oxidative
stress) and Fur (iron starvation) [55]. Protein profiling
revealed that the Y. pestis Suf proteins were considerably
increased or detected only in iron-depleted cells
(SufCyug9 and SufDy,q, Figure 1; SufAyy;, SufByyg and the
cysteine desulfurase SufS,,o; Figure 4). Four Y. pestis Isc
subunits (IscS, NifU, HscA and HscB) were detected at
very low abundance in cytoplasmic fractions. The
cysteine desulfurase IscSspo and the chaperone HscAyy;
were diminished in abundance in iron-starved cells at
37°C (Table 3). In contrast, an ortholog of the E. coli
essential respiratory protein A (ErpA,o) was increased in
abundance in iron-starved cells, particularly at 26°C
(Figure 4). This low M, Fe-S cluster protein was pro-
posed to serve in the transfer of Fe-S moieties to an
enzyme involved in isoprenoid biosynthesis [56]. Its
expression was described to be under the control of E.
coli IscR, the regulator of the isc gene locus. However,
the abundance changes of Y. pestis ErpA (-Fe vs. +Fe)
resemble those of the Suf rather than the Isc subunits.
The question arose whether sulfur-mobilizing proteins
were also altered in abundance comparing -Fe and +Fe
conditions, in order to support a Fe-S cluster rebalan-
cing effort among proteins localized in the Y. pestis
cytoplasm. Periplasmic binding proteins of sulfate/thio-
sulfate ABC transporters (Sbp, CysP) were not altered in
abundance (data not shown). The flavoprotein subunit
of sulfate reductase (Cys]s19) was strongly decreased in
abundance under iron-limiting conditions (Figure 4).
Cysl, the Fe-S cluster subunit, was not detected. Taurine

dioxygenase however (TauDys, Figure 4), which utilizes
aliphatic sulfonates as a sulfur source, was increased in
iron-starved Y. pestis cells. The E. coli dioxygenase
TauD seems to require iron for activity according to a
note in the EcoCyc database. Whether the activity of
TauB is linked to Fe-S cluster biosynthesis or repair
remains to be shown. In summary, our data supported a
functional role of the Y. pestis Suf system in Fe-S cluster
assembly when cells are deprived of iron. Data related to
Cysl] suggested that Fe-S cluster proteins active in path-
ways unrelated to energy metabolism were also down-
regulated upon intracellular iron starvation.

Protein abundance changes less obviously linked

to iron homeostasis

Iron is an essential cofactor for many cellular pro-
cesses, and a network of global regulators (CRP, OxyR
and Fur/RyhB; Figure 5) are affected by or implicated
in responses to iron deficiency. We expected to detect
protein abundance changes less obviously linked to
iron homeostasis. S-ribosylhomocysteinase (LuxSy13) is
an enzyme of central importance in the activated
methyl cycle and plays a role in autoinducer
2-mediated quorum sensing in E. coli [57]. The enzyme
harbors tetrahedrally coordinated Fe* in its catalytic
center. LuxS was moderately increased in iron-depleted
cells at 26°C (Figure 4). In contrast, LsrB,g; whose
E. coli ortholog facilitates periplasmic transport of the
autoinducer 2 following cellular re-uptake was
decreased in abundance in iron-starved cells (Figure 1),
similar to YebCy3s5, a protein hypothesized to be
involved in quorum sensing regulation [58]. Y. pestis
has been shown to produce the autoinducer 2,
although genes controlled by this system have not been
identified [59]. Slightly increased abundances of four
subunits of a putative type VI secretion system (T6SS)
were also observed in iron-deficient vs. iron-rich
cells. The proteins HCP1,, and Y3675, (Figure 4),
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Figure 5 Iron homeostasis in Y. pestis. The center of the schematic depicts a network of regulators (orange color), known or potentially
involved in iron homeostasis. Details are provided in the text. CRP (carbon metabolism); OxyR (oxidative stress); Fur and small RNAs like RyhB
(iron homeostasis). Red lines/arrows show which genes (or mRNAs) are controlled by these regulators. Additional arrows symbolize enzymatic
reactions (blue line) or small molecule transport processes (dotted green line). The lower/left side of the schematic depicts components of the
energy metabolism. It includes glycolytic steps from dihydroxyacetone phosphate (DHAP) to pyruvate, the TCA/glyoxalate bypass cycle and on
the left side alternative pyruvate metabolism branches generating acetate or acetyl-CoA. Subunits of electron transport systems (NuoCD, FrdAB
and CybCQ) are also displayed. The top/left side of the schematic pertains to quorum sensing. LuxS converts S-ribosylhomocysteine (SRH) to 4,5-
dihydroxy-2,3-pentanedione (DPD) which is a precursor of autoinducer-2 (yellow pentagon). In E. coli, the autoinducer-2 is exported and
imported via periplasmic LsrB into different cells followed by activation of LuxR via small RNA regulators. The precise functional role of YebC in
quorum sensing is not known. LuxR influences the expression of virulence factors in pathogenic E. coli strains. The role of LuxR in the regulation
of the type VI secretion system is speculative, but both iron starvation [73] and the T6SS [74] have been linked to quorum sensing in other
organisms. In the upper part of the schematic, iron transporter subunits are placed according their predicted or known subcellular localizations.
Transporters with a blue color background are known to be functional in Y. pestis. On the center/right side, iron storage proteins, the Suf Fe-S
cluster assembly system and putative sulfur-mobilizing enzymes (TauD and CyslJ) are displayed. The bottom/right part of the schematic features
oxidative stress response proteins. Finally, the top/right part of the schematic displays the flea survival factor Ymt and its fragments, as well as
the protein YghD. These proteins may be implicated in the enzymatic modifications of IM phospholipids. Proteins with a red and green
background harbor iron/heme and Fe-S cluster cofactors, respectively.

Y367643¢ (Figure 1) and Y3674, (Figure 3) were not
at all detected in Y. pestis protein profiles at 37°C. The

Ymty;;, respectively; Figure 4), were also increased
under -Fe vs. +Fe conditions. There is no evidence for

T6SS is temperature-regulated. The flea survival factor
Ymt, 5 (Figure 4) was moderately increased in iron-
starved cells at 26°C. It was one of the most abundant
proteins in cells grown at 26°C. N- and C-terminal
fragments of Ymt, each ca. 30 kDa in size and with a
single cleavage site between V3q¢ and I3g4 (Ymts;e and

a connection between the functional roles of Ymt or
the T6SS and the iron starvation response.

Periplasmic subunits of ABC transporters for amino
acids, sugars and phosphate, various diffusion porins of
the OM allowing passage of nutrients into the periplasm,
and various amino acid tRNA-synthetases and enzymes
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implicated in amino acid biosynthesis were significantly
increased in abundance in iron-replete cells. These obser-
vations were consistent with the notion that Y. pestis cells
grown to stationary phase under +Fe conditions were
depleted of various nutrients and induced the expression
of high affinity transport systems for their import into
the cell. Examples were the phosphate-specific OM porin
PhoE,g9 (Figure 3) and the periplasmic maltose-binding
protein MalE,s3 (Figure 1), each of which was much
more abundant under +Fe vs. -Fe conditions.

Discussion
Regulation of iron homeostasis
Fur in Y. pestis, as in many other Gram-negative bac-
teria, is a central transcriptional regulator responding to
the cellular iron status [20,50], as indicated in the sche-
matic of Figure 5. Many iron uptake systems are tran-
scriptionally repressed during iron-replete growth
conditions to reduce accumulation of intracellular iron.
Evidence has emerged that small RNA regulators are
implicated in bacterial stress responses [22]. These small
RNAs act by base-pairing with specific mRNAs whose
translation they stimulate or inhibit in the presence of a
unique protein, the RNA chaperone Hfq. A small RNA
of 90 nucleotides determined to regulate genes involved
in iron homeostasis in E. coli [23] and Pseudomonas
aeruginosa [24] was termed RyhB. It is negatively regu-
lated by Fur and was shown to down-regulate the trans-
lation of many of the same iron-dependent enzymes we
detected as decreased in iron-starved Y. pestis cells
(SdhA, AcnA, FumA, FrdA, SodB, KatE and KatY) [23].
We hypothesize that one or both of the conserved Y.
pestis homologs of RyhB [22] co-regulate Y. pestis iron
homeostasis and selectively decrease translation of
mRNAs whose protein products depend on or store
iron, as illustrated in Figure 5. Such a mechanism may
restrict the use of scarce intracellular iron to processes
pivotal to bacterial survival. Some of the encoding genes
(e.g. ftnA, katE and sodB) may also be positively con-
trolled by Fur as suggested by Yang et al. [35]. Gel shift
assays revealed binding of recombinant Fur to promoter
regions upstream of the genes finA and katE [20].
Several of the enzymes decreased in abundance in
iron-deficient Y. pestis harbor Fe-S clusters. Expression
of the respective genes did not appear to be altered
under conditions sequestering or depleting iron in Y.
pestis according to two DNA microarray studies [33,35]
and suggests post-transcriptional mechanisms. The
involvement of RyhB in controlling the abundances of
proteins with iron cofactors when cells are iron-deficient
needs to be verified. Since our data were derived from
proteomic comparisons of Y. pestis cells harvested at
different cell densities (ODgoos of ~2.0 for stationary
phase cells vs. ODggps of ~0.8 for growth arrested, iron-
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starved cells), the argument can be made that popula-
tion density differences account for some of the protein
abundance changes. Unpublished data (Pieper, R.) and a
previous study analyzing the Y. pestis periplasmic pro-
teome in the context of two growth phases [39] allow us
to largely refute this notion. Among the proteins with
iron or Fe-S cofactors, only PfIB and KatE were
increased in stationary vs. exponential phase proteomic
profiles with ratios comparable to those observed in
iron-rich vs. iron-starved cells. FtnA and Bfr are iron
storage proteins and, via regulation by RyhB, were
reported to be quantitatively decreased when iron sup-
plies are limited in E. coli [23]. Our data on the FtnA
and Bfr orthologs of Y. pestis were not consistent with
the results of the aforementioned studies, nor with two
Y. pestis transcriptional profiling studies where increased
bfr expression and, in one case, decreased ftnA expres-
sion were reported for iron-limiting growth environ-
ments [33,35].

Post-transcriptional regulatory functions in iron-defi-
cient cells have also been attributed to aconitases. In fact,
eukaryotic AcnA has been termed iron-responsive pro-
tein 1 (IRP-1) [60]. Apo-enzyme versions of E. coli aconi-
tases stabilize their cognate mRNAs and influence the
expression of sodA. AcnA enhanced sodA transcript sta-
bility and was induced by iron starvation and oxidative
stress in E. coli [61,62]. These findings could not be easily
reconciled with our data onAcnA and AcnB abundance
changes in Y. pestis. AcnA and AcnB were decreased in
abundance, as were the combined aconitase activities, in
iron-depleted cells. SodA abundance was not significantly
affected by either growth phase [39] or iron depletion.
The response of Y. pestis to iron starvation and cellular
stress resulting from the loss of this metal ion seems to
implicate a network of regulators, as presented in Figure
5. Indeed, functional relationships between Fur and
OxyR [32], Fur and CRP [31] and Fur and apo-aconitases
[62] were previously reported for E. coli.

Iron starvation stress responses

Numerous E. coli genes encoding oxidative stress
response proteins are co-regulated by SoxR, Fur and
OxyR according to information in the EcoCyc data-
base. The OxyR H,O,-response system restored Fur
repression in iron-replete media during oxidative stress
in E. coli [32], a mechanism that we think is also rele-
vant in Y. pestis. Strong abundance decreases in iron-
starved Y. pestis cells were observed for three iron-
dependent proteins, SodB, KatE and KatY. The three
enzymes detoxify peroxides and radicals formed during
oxidative stress. Proteins with similar functions but
cofactors other than iron (e.g. SodA and AhpC) were
not markedly changed in abundance. Functional assays
supported such proteomic data; SOD activities in
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iron-depleted cells dropped markedly less than catalase
activities. In conclusion, our data strongly support the
notion that Y. pestis adapts its repertoire of oxidative
stress response enzymes by limiting the expression of
iron cofactor-dependent enzymes, when iron is in
short supply. The coordination of bacterial responses
to iron limitation and the defence against oxidative
stress was proposed earlier [63].

Iron acquisition systems

All Y. pestis biovars have several proven iron acquisition
systems, and transcriptional control by Fur has been
demonstrated [18,64]. The genes and operons for puta-
tive iron transporters (e.g. Ysu, Fit, Fhu, Iuc, Has) also
feature conserved 19-nt Fur-binding sites to which
recombinant Fur binds [20]. Our data indicated that
none of the abovementioned iron transporters were
expressed at levels similar to those observed for subunits
of proven iron transport systems (Ybt, Yfe, Yfu, Yiu and
Hmu) under iron-deficient conditions. Two microarray
studies, however, reported increased transcript abun-
dances for many of the putative iron transporters when
iron was complexed with dipyridyl [35] or sequestered
by iron-binding proteins in blood plasma [33]. 2D gel
analysis has known limitations pertaining to protein
detection sensitivity and the resolution of hydrophobic
IM-localized proteins, e.g. many nutrient transporters.
Except Ysu subunits, unproven iron transporters were
also not profiled employing a peptide-based LC-MS/MS
analysis approach with Y. pestis lysates [47,65]. These
lysates were derived from iron-replete growth condi-
tions. Only functional iron transporters are presented in
the schematic of Figure 5 and appear to follow a hierar-
chy of importance in the order of Ybt, Yfe (each impor-
tant for virulence in a bubonic plague model), Yfu and
Yiu [15]. The delivery of Fe** or Fe** from the extracel-
lular milieu to periplasmic binding proteins of the ABC
transporters Yfe, Yfu and Yiu is unclear, although a
YiuR surface receptor was expressed according to our
data. The Hmu transporter acquires heme from blood
plasma proteins such as myoglobin, hemoglobin and
hemopexin [16]. Three Fe** transport systems (EfeUOB,
Y2368-Y2370 and FeoAB, Figure 5) were shown to be
functional in either Y. pestis [17] or other bacteria
[66-68]. We identified the subunits EfeO and Y2368 as
periplasmic proteins, and their abundance increases in
iron-deficient cells appeared to be moderately tempera-
ture-dependent. There is no evidence to date for their
regulation by Fur. FeoB was recently identified in Y. pes-
tis membrane proteome surveys [47,65]. A protein
highly abundant in membrane fractions of iron-depleted
Y. pestis cells but not characterized in the context of
iron transport was the orphan TonB-dependent OM
receptor Y0850. The protein is a candidate for Fur
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regulation and the contribution to iron uptake, but its
exact function remains to be elucidated. A conserved
Fur box upstream of the gene and sequence similarity of
Y0850 to Bordetella bronchiseptica BfrA and Campylo-
bacter coli CfrA [69,70] were established. Our proteomic
surveys did not support the activation of specific iron
uptake pathways at only one of the physiologically rele-
vant temperatures. Based on multivariate transcriptional
profiling data for Y. pestis (28°C vs. 37°C, iron-supple-
mented cell growth vs. iron sequestration in plasma),
Carniel et al. [33] suggested that the Ybt system and the
TonB protein are of particular importance for iron
acquisition at 37°C.

Fe-S cluster biosynthesis and energy metabolism

in iron-starved Y. pestis

Growth of iron-depleted Y. pestis cells was arrested at an
ODggp of ~0.8, indicative of the inability of iron-depen-
dent enzymes to perform essential metabolic functions.
In addition to the already discussed impact of iron deple-
tion on oxidative stress response enzymes and aconitases,
we explored how Fe-S cluster assembly systems and
other energy metabolism enzymes were affected. Iron-
sulfur clusters are critical to the function of many redox
enzymes in bacteria [27]. Incorporation of Fe-S into pro-
teins requires Fe-S cluster assembly systems, which were
named Suf and Isc in E. coli. Our data showed that SufA,
SufB, SufC and SufS, four of the six subunits of the Suf
complex, were more abundant under iron starvation con-
ditions. Regulation of the Y. pestis suf operon by Fur and
a functional Fur-binding site were reported previously
[20]. The cysteine desulfurase subunits of the Suf and Isc
systems (SufS and CsdA, respectively) were quantitatively
changed in opposite directions (-Fe vs. +Fe), suggesting
that Suf functionally replaces Isc at the onset of iron star-
vation in Y. pestis. Mobilization of sulfur from cysteine
appears to be catalyzed by SufS in E. coli [71]. The
increased abundance of TauD, an enzyme that mobilizes
sulfite from taurine, in iron-depleted Y. pestis cells was
intriguing. TauD is a dioxygenase, harbors a Fe* cofactor
and was reported to be induced under sulfate starvation
conditions in E. coli [72]. We speculate that TauD plays
an accessory role in sulphur mobilization for Fe-S cluster
assembly via the Suf pathway. Furthermore, the Y. pestis
ortholog of a recently discovered Fe-S cluster protein
ErpA was also increased under iron-limiting conditions.
Since ErpA was proposed to transfer Fe-S clusters to
apo-enzymes [56], we hypothesize that Y. pestis ErpA
may perform such activities cooperatively with the Suf
system. Transcriptional data on erpA and tauD expres-
sion changes for -Fe vs. +Fe growth conditions are not
available. Mammalian hosts starve Y. pestis of iron and,
therefore, the Suf complex constitutes a good target for
inhibitory drug design.
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Enzymes with Fe-S clusters in their catalytic cores, many
of them in the TCA cycle, are also displayed in Figure 5.
Although in different ratios, subunits of such enzyme
complexes (e.g. FumA, SdhA, FrdA and Cys]) were invari-
ably decreased in abundance in iron-starved Y. pestis cells.
Most of these quantitative decreases appear to be unre-
lated to population density differences, because they were
not observed in cells cultured to stationary vs. exponential
phase in iron-replete PMH2 medium(Pieper, R., unpub-
lished data). A decreased pyruvate metabolism rate should
be the consequence of the loss of Fe-S cluster enzyme
activities in the TCA cycle and may be followed by
reduced production of ATP and NADPH reducing equiva-
lents in the electron transport chain. Furthermore, a
decreased turnover of citrate may lead to its accumulation
in the cytoplasm, which could chelate iron and exacerbate
iron starvation [30]. A highly interesting observation was
the dramatic abundance and activity increase of PoxB in
iron-starved Y. pestis cells, both at 26°C and 37°C. PoxB
activity increases were independent of Y. pestis cell densi-
ties during growth in chemically defined media. poxB
expression was reported to be moderately enhanced in Y.
pestis cells grown in human plasma vs. LB media [33]. We
suggest that the metabolism of pyruvate via the PoxB
route compensates for reduced activities of Fe-S cluster
enzymes in the TCA cycle. The pathway catalyzed by
PoxB is iron-independent. The E. coli ortholog, a thiamin/
flavin-dependent enzyme activated by binding to IM phos-
pholipids, was shown to feed electrons directly from the
cytosol to the respiratory chain [52]. To our knowledge,
this is the first report linking enhanced PoxB activities in
bacteria specifically to iron starvation. PoxB is a potential
drug target in the context of intracellular pathogens sur-
viving in environments where iron is sequestered.

Conclusions

Proteomic surveys of Y. pestis subcellular fractions
grown under iron-replete vs. iron-starved conditions
supported the physiological importance of the iron
acquisition systems Ybt, Yfe, Yfu, Yiu and Hmu. An
uncharacterized TonB-dependent OM receptor, Y0850,
was also highly abundant in iron-depleted cells,
appeared to be Fur-regulated and may participate in
iron uptake. Numerous enzymes harboring iron and Fe-
S cluster cofactors were significantly decreased in abun-
dance in iron-starved cells, suggesting a regulatory pro-
cess shifting the metabolism of Y. pestis to iron-
independent pathways when the supply of this metal ion
is limited. Small Fur-regulated RNAs termed RyhB in E.
coli may be involved in this process. Finally, this study
revealed biochemical pathways likely essential for the
iron starvation response in Y. pestis. Examples are the
energy metabolism via the pyruvate oxidase route and
Fe-S cluster assembly mediated by the Suf system.
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Additional file 1: Yersinia pestis growth curves in PMH2 medium.
Growth curves (ODgg0) are displayed in graphical form for Y. pestis KIM6+
cell cultures in iron rich and iron-depleted media, at 26°C and at 37°C.
Click here for file

[ http://www.biomedcentral.com/content/supplementary/1471-2180-10-
30-51.D0C]

Additional file 2: Comprehensive list of differentially displayed
Yersinia pestis proteins comparing iron-replete and iron starvation
conditions. A variety of qualitative and quantitative data are provided
for differentially displayed proteins derived from + Fe vs. -Fe growth
conditions, from cell cultures at 26°C and at 37°C.

Click here for file

[ http://www.biomedcentral.com/content/supplementary/1471-2180-10-
30-S2.XLS]

Additional file 3: Comprehensive list of MS and MS? data for Y.
pestis KIM6+ proteins. For all proteins listed in the Tables 1, 2 and 3
and in the Additional File 2, MS and MS? data were parsed from MALDI-
TOFTOF and LC-nESI-LC-MS/MS datasets.

Click here for file

[ http://www.biomedcentral.com/content/supplementary/1471-2180-10-
30-S3XLS]
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