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Secondary transporters of citrate in complex with metal ions belong to the bacterial CitMHS family, about
which little is known. The transport of metal-citrate complexes in Streptomyces coelicolor has been investigated.
The best cofactor for citrate uptake in Streptomyces coelicolor is Fe>*, but uptake was also noted for Ca**, Pb>*,
Ba’?*, and Mn?*. Uptake was not observed with the Mg>*, Ni**, or Co>* cofactor. The transportation of iron-
and calcium-citrate makes these systems unique among the CitMHS family members reported to date. No
complementary uptake akin to that observed for the CitH (Ca*>*, Ba®>*, Sr**) and CitM (Mg>*, Ni**, Mn?*,
Co**, Zn*") systems of Bacillus subtilis was noted. Competitive experiments using EGTA confirmed that
metal-citrate complex formation promoted citrate uptake. Uptake of free citrate was not observed. The open
reading frame postulated as being responsible for the metal-citrate transport observed in Streptomyces coeli-
color was cloned and overexpressed in Escherichia coli strains with the primary Fe®*-citrate transport system
(fecABCDE) removed. Functional expression was successful, with uptake of Ca**-citrate, Fe’*-citrate, and
Pb>* -citrate observed. No free-citrate transport was observed in IPTG (isopropyl-B-p-thiogalactopyranoside)-
induced or -uninduced E. coli. Metabolism of the Fe’*-citrate and Ca®*-citrate complexes, but not the
Pb**-citrate complex, was observed. Rationalization is based on the difference in metal-complex coordination

upon binding of the metal by citrate.

Citrate is a primary metabolite that is ubiquitously used as a
source of carbon and energy by most living organisms. While
there has been extensive research conducted on citrate trans-
port across membranes (2), there has been a relative dearth of
research on membrane protein systems that can transport com-
plexed citrate (21). Currently, there is predicted to be over 90
members in the so-called CitMHS family of secondary trans-
porters, according to the UC San Diego Transport Classifica-
tion Database (http://www.tcdb.org). Members of this super-
family are found in gram-positive bacteria and are predicted in
gram-negative bacteria. It is believed that these organisms take
up complexed citrate, because it is predominantly available as
such in their environment, or they allow access to critical metal
ions, such as iron. To date, the only functionally characterized
systems for metal-citrate transport in this family are those of
Bacillus subtilis (21), Streptococcus mutans (20), and, most
recently, Enterococcus faecalis (5). These members of the
CitMHS family transport metal-citrate complexes in symport
with one H* ion per M?>* (metal)-citrate complex. Krom et al.
demonstrated that CitM from B. subtilis transported citrate in
complex with Mg?*, Ni**, Mn?*, Co®", and Zn*" but not in
complex with Ca**, Ba?*, or Sr** (21). CitH, also from B.
subtilis, transported citrate and isocitrate complexed with
Ca®*, Ba®", and Sr** but not with Mg?*, Ni**, Mn?*, Co?*,
or Zn*" (28). Clearly, the group of metal ions transported by
CitM includes the smaller cations, with a Pauling radius of less
than ~0.80 A. The ions transported by CitH of B. subtilis have
radii larger than 0.98 A. Neither transporter was shown to
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transport free citrate or metal complexes of other tricarboxy-
lates (or similar dicarboxylates), such as cis-aconitate and tri-
carballylate. More recently, Korithoski et al. functionally char-
acterized the CitM homolog from S. mutans (20). Citrate
complexed with Fe** and Mn?" was transported with S. mu-
tans, but citrate complexed with Ca®", Mg?*, and Ni** was
not. Korithoski et al., in fact, state that iron is the most efficient
cofactor for citrate uptake in S. mutans (20). This suggests the
intriguing possibility, given that S. mutans is considered the
major etiological agent of dental cavities, that the organism
may use the system to access essential iron, and so the system
may play a role in pathogenesis. Because members of the
CitMHS family are postulated to occur in bacteria such as
Bacillus anthracis, Mycobacterium tuberculosis, and Corynebac-
terium diphtheriae, further dimension is added to our desire to
understand these systems and their possible contribution to
pathogenicity.

The CitH transporter of Enterococcus faecalis was charac-
terized in 2006 (5). High amino acid (AA) sequence homology
to the sequence of S. mutans led researchers to believe that it
could use a CitMHS transporter to access iron. In fact, this was
shown not to be the case. The system was shown to be a
functional CitM (B. subtilis) homolog, with metals with larger
ionic radii, such as Ca>", Sr*", Cd**, and Pb*", but not Fe*"
or Fe**, involved in transport. This unpredictability clearly
demonstrates our limited understanding of these systems,
which drove us to investigate the postulated transporter in
Streptomyces coelicolor. The genome of S. coelicolor was se-
quenced in 2002 (4). This effort identified an unprecedented
number of genes encoding membrane-spanning transporters
and gene sets that encode enzymes for utilizing complex nu-
trients. Among the possible functions of these genes was the
putative ability to take up citrate in a complexed, metal-bound
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TABLE 1. Percentages of metal-citrate speciation at pH 6.5 and at
30°C for S. coelicolor experiments”
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TABLE 2. Percentages of metal-citrate speciation at pH 6.5 and at
37°C for E. coli experiments”

M ) Concn of: % Metal-citrate ) Concn of: % Metal-citrate
etal ion . Metal ion .
Metal (mM) Citrate (pM) speciation Metal (mM) Citrate (pM) speciation

Ba?* 10 44 94.244 Ba?* 10 44 94.103
Ca?* 10 4.4 98.261 Ca?* 10 4.4 98.110
Co** 1 44 99.625 Co** 1 44 99.262
Fe3* 0.075 4.4 94.730 Fe3™* 0.075 4.4 94.787
Mg24r 1 44 96.191 Mg24r 1 44 96.380
Ni2* 1 4.4 99.647 Ni2* 1 4.4 99.656
Pb%* 1 44 98.652 Pb%* 1 44 98.619

“ Percentages were calculated using the MINTEQ program (13). The excess of
metal relative to the citrate level is calculated to optimize metal-citrate complex
formation under set experimental conditions.

form. A comprehensive phylogenetic tree of the CitMHS fam-
ily reported by Blancato et al. shows this S. coelicolor CitMHS
member on a branch well separated from those systems inves-
tigated to date (5). The transporters on S. coelicolor’s branch
actually share only between 35 and 45% AA sequence homol-
ogy with those transporters investigated to date, compared to
the 60 to 83% AA homology between the B. subtilis, E. faecalis,
and S. mutans transporters. Given the importance of S. coeli-
color in the environment, the weak AA sequence homology
(sequence identity does not warrant the same substrate spec-
ificity) (1) to all CitMHS transporters studied to date, and the
fact that it may serve as a model organism for disease-causing
members of the actinomycete family, such as M. tuberculosis,
we set out to investigate this CitMHS family member and
evaluate its contribution, if any, to the pathogenicity of bacte-
ria by iron acquisition.

To that end, we have functionally characterized metal-cit-
rate transport in S. coelicolor and successfully performed het-
erologous expression in Escherichia coli of the transporter
(designated here S. coelicolor Cit [Citg,]).

MATERIALS AND METHODS

Bacterial strains and growth conditions. Streptomyces coelicolor A3(2) was
obtained from the John Innes Centre, Norwich, United Kingdom, and the Amer-
ican Type Culture Collection (ATCC BAA-471). S. coelicolor A3(2) stocks were
grown in yeast extract-malt extract broth at 28°C in 125-ml baffled flasks to an
optical density at 600 nm (ODjq) of ~2.0. Glycerol (20%) was added to the cells
in a 1:1 (vol/vol) ratio, and the cells were chilled on ice for 1 h and placed at
—80°C still in the ice container. After 24 h, the cells were taken out of the ice
container and left at —80°C temperature. Streptomyces coelicolor was grown in
Streptomyces minimal medium (SMM) broth for functional-characterization
studies. SMM was prepared as previously reported (18) with the following mod-
ifications: L-asparagine was replaced with ammonium sulfate (1 g liter™ '), agar
was eliminated, and either 56 mM sodium citrate (SMMC) or 56 mM glucose
(SMMG) was added as the sole carbon source. Fifty milliliters of SMMC or
SMMG broth was inoculated with 1 ml of S. coelicolor A3(2) stock suspensions,
grown for 48 to 72 h at 28°C, and centrifuged at 300 rpm with shaking in 125-ml
baffled flasks.

Cloning was conducted in E. coli DHS5« cells purchased from Invitrogen
(Carlsbad, CA). E. coli JW4251-2 AfecA758 cells were obtained from the Mo-
lecular Cellular and Developmental Biology Department at Yale University
(New Haven, CT). E. coli AA93 Afec cells were obtained from the Institute of
Microbiology II at the University of Tuebingen (Tuebingen, Germany). Strains
were grown at 37°C and centrifuged at 250 rpm in Luria-Bertani (LB) broth.
AA93 Afec cells harboring the pET-27b(+)-Citg,. plasmid were grown in the
presence of 35 pg/ml kanamycin. JW4251-2 AfecA758 cells harboring the pET-
25b(+)-Citg, plasmid were grown in the presence of 50 pg/ml ampicillin.

Media systems. Buffer and broth ingredients were purchased from Sigma-
Aldrich, Becton Dickerson and Company, or Merck and were of biological grade.

“ Percentages were calculated using the MINTEQ program (13). The excess of
metal relative to the citrate level is calculated to optimize metal-citrate complex
formation under set experimental conditions.

[**C]sodium citrate was purchased from Sigma-Aldrich (St. Louis, MO). Metal
salts were purchased from Sigma-Aldrich and were of 99% purity or higher.
DNA was isolated using the Promega Wizard Plus SV miniprep kit. Buffers and
broths were made using water that was distilled and deionized to 18.6 M) using
a Barnstead Diamond ultrapurification system. Chelex was added to all buffers at
15 g/liter, and the resulting suspension was stirred overnight. The Chelex was
then removed by vacuum filtration. This was to ensure the removal of metal ion
impurities in the buffers. All cells were incubated in a Barnstead MaxQ 5000
shaker with a digital temperature display. Antibiotics came from EMD or Sigma-
Aldrich. The pET-27b(+) and pET-25b(+) expression vectors were purchased
from Novagen. All primers were ordered from Integrated DNA Technologies
(Coralville, TA). Cells were centrifuged with a Sorvall Legend RT tabletop
centrifuge at 4,000 rpm for 10 min at 25°C. Cloning was performed with a Techne
TC-312 thermal cycler. All restrictive enzymes were purchased from or provided
pro gratis by Promega (Madison, WI). Scintillation fluid used was PerkinElmer
Ultima Gold. Scintillation vials were purchased from Laboratory Product Sales
and VWR. All radiation was detected by a PerkinElmer tri-carbon 2900 TR
liquid scintillation analyzer. Culture density was determined by ODj,, measure-
ments by using a Cary 50 Bio UV-visible-light spectrophotometer in a 1-ml
quartz cuvette.

Cloning of a putative ORF for Citg. The S. coelicolor A3(2) cosmid St10A9
containing the open reading frame (ORF) encoding Citg,. was obtained from the
John Innes Centre, Norwich, United Kingdom. The ORF was cloned by PCR
using Deep Vent polymerase (New England Biolabs) and the following primers:
5'-CAGCCATGGCACTGACCATCCTCGGCCTTCG-3' (forward) and 5'-GA
TGGATCCTCAGATGATGCCGAAC-3' (reverse). PCR conditions were as
follows: 34 cycles of denaturing at 95°C, primer annealing at 63.0°C, and PCR at
74.0°C.

The forward primer introduced an Ncol restrictive site overlapping the ATG
start codon of Citg,.. The reverse primer introduced a BamHI site immediately
downstream of the stop codon. The PCR product was digested with Ncol and
BamHI and ligated (T4 ligase, 16°C, 1 h) into the pET-27b(+) and pET-25b(+)
plasmids, which had previously been digested with Ncol, BamHI, and calf intes-
tinal phosphatase. The resulting plasmids, designated pET-27b(+)-Citg. and
pET-25b(+)-Citg,, code for Citg, fused to the pelB leader sequence at the N
terminus. The correct insertion was confirmed by sequencing performed by
Vickie McKee at the SUNY Upstate Medical University’s DNA Core Facility,
Syracuse, NY. The pET-27b(+)-Citg,. plasmid was chemically transformed (30
min at 4°C, 45 seconds at 42°C, 2 min on ice, recovery for 1 h in SOC broth at
37°C) into AA93 Afec cells for expression and functional characterization. The
pET-25b(+)-Citg, plasmid was chemically transformed (30 min at 4°C, 45 sec-
onds at 42°C, 2 min on ice, recovery for 1 h in SOC broth at 37°C) into E. coli
JW4251-2 AfecA cells for expression and functional characterization.

Metal speciation. Speciation for all transport assays was calculated using the
Visual MINTEQ 2.51 program designed by the Environmental Protection
Agency (14). MINTEQ values were calculated at a pH of 6.5 and a temperature
of 30°C or 37.0°C, as indicated in Tables 1 and 2, and were calculated to be
appropriate to the bacterium.

[1,5-'4C]citrate transport assay in whole cells. (i) Transport in Streptomyces
coelicolor A3(2). S. coelicolor A3(2) cells were grown from stocks for 48 to 72 h
at 28°C and centrifuged at 300 rpm. Cells were collected via centrifugation and
washed twice with 50 mM Chelex-treated piperazine-N,N'-bis(2-ethanesulfonic
acid) (PIPES) buffer (pH 6.5). Cells were resuspended to an OD of 0.2 after the
second wash. Cells (100 pl) were added to 2.2-ml microcentrifuge tubes. Five
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FIG. 2. Effect of the addition of increasing concentrations of the
chelating agent EGTA on citrate uptake in the presence of 10 mM
Ca®*. At Ca®" concentrations greater than 10 mM, no uptake greater
than that of “free” citrate (M) is observed. ¢, 0.1 mM EGTA; ¢, 1.0
mM EGTA; [, 10.0 mM EGTA.

microliters of metal as the chloride salt was then added from the following stock
solution concentrations: 220 mM CaCl, or BaCl,; 22 mM MgCl,, NiCl,, CoCl,,
PbCl,, and MnCl,; and 1.65 mM FeCl;. Different molar amounts of metals were
used to maximize metal-citrate complex formation as per MINTEQ calculations
(14) and successfully used in previous literature reports (5, 20, 21). Cells were
then incubated at 30°C for 8 min with shaking. After 8 min, 5 pl of 96.8 uM
[1,5-14C]citrate was added to each sample to provide a final concentration of 4.4
M. Uptake was stopped by the addition of 2 ml of 0.1 M LiCl. This was followed
by immediate filtration through cellulose nitrate filters (0.45 wm, 2.1-cm diam-
eter). The filters were washed twice with 2 ml of 0.1 M LiCl solution, and
radioactivity was recorded using a liquid scintillation counter. In every experi-
mental run, background radioactivity was gauged by adding 2 ml of LiCl prior to
the addition of the radiolabeled citrate. As before, cells were then immediately
filtered and washed twice with 2 ml of 0.1 M LiCl, and radioactivity was moni-
tored. This served as the background and was subtracted from the final data.
Experiments were performed using at least three independent cultures, and
samples were collected in triplicate at each time point per run. Cells (100 pl; four
samples) from each run were filtered directly through preweighed cellulose
nitrate filter paper and dried to determine average cell sample weight. Transport
assays were also “stopped” using 10 mM HEPES-glucose buffer instead of 0.1 M
LiCl to check for the occurrence of “leaking,” which has been postulated to occur
with the use of LiCl (23). No noticeable difference was observed across multiple
tested cultures of either S. coelicolor or E. coli (as described in the next section).

It is important to note that preincubating the “free” metal prior to the addition
of [**C]citrate or synthesizing the complex and then adding it to the cells made
no difference to experimental results, consistent with the work reported by Krom
et al. (21), except in the case of Fe3*. Transport assays with Fe>" were per-
formed at 25.0°C, with the metal precomplexed with ['*C]citrate to prevent Fe3*
precipitation in the aqueous buffer. The temperature and pH changes were
accounted for in the MINTEQ calculations. All experiments using precomplexed
mixtures were filtered using a 0.45-pum syringe filter (Fisher Scientific) prior to
the addition to cells.

(ii) Transport in E. coli. E. coli AA93 and JW4251-2 cultures were grown in LB
broth as described above. Protein expression for transport assays was induced at
30.0°C or 4°C (specifically for Fe**-citrate only [see Fig. 5]) with 0.5 mM
isopropyl-B-p-thiogalactopyranoside (IPTG) at an ODy of 1.0 for 1 h. Subse-
quent flux assays followed the protocol described above for S. coelicolor and the
protocol previously noted in the literature (21) with the following adaptations:
cells were resuspended with 10 ml of PIPES buffer at a pH of 6.5 for all metals,
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FIG. 3. Fe*"-citrate uptake in S. coelicolor grown in SMM broth
containing glucose as the sole carbon source. ®, S. coelicolor grown
with 36 wM Fe®" in growth broth; ¢, no iron added to growth broth;
B “free”-citrate uptake in cells grown in SMMG broth with 36 uM
Fe** added to growth broth; [, “free”-citrate uptake in SMMG broth
with no added Fe** to growth broth.

and the transport assay was conducted at 37.0°C except with iron (25°C). Non-
induced controls were included in all runs. Concentrations of metal ion and
citrate were chosen to maximize the formation of the desired metal-citrate
complex (Table 2). Experiments were performed using at least three indepen-
dent cultures, and samples at each time point were collected in triplicate per run.
Incubation of the metal ion (except for Fe** as described above), and precom-
plexation of the metal with ["*C]citrate prior to cell addition yielded similar
results.

RESULTS

While Citg,. was designated a putative metal-citrate trans-
porter, the evidence for homology (based on AA sequences)
was weak compared to that for any CitMHS member function-
ally characterized to date (35% identity with the Cit of E.
faecalis, 39% with the Cit of S. mutans, 42% with CitH of B.
subtilis, and 45% with CitM of B. subtilis).

In S. coelicolor grown in broth containing citrate as the sole
carbon source, no uptake of free citrate was observed. Rather,
uptake was dependent on the presence of metal ions such as
Fe" and, to a lesser extent, Mn*", Ca®*, Ba?*, or Pb*" (Fig.
1). Concentrations of metal ions were used to maximize the
formation of the metal-citrate complex under the assay condi-
tions (Table 1). When metals such as Mg?*, Ni**, or Co*"
were added to the reaction mixture, the rate of uptake of
citrate was no greater than the rate of uptake without metal
ions. In the presence of the different concentrations of the
calcium chelator EGTA, the rate of uptake of citrate in the
presence of 10 mM Ca?" decreased to zero at concentrations
of EGTA over 10 mM (Fig. 2). This, combined with the fact
that no metal-free citrate uptake was noted, supports the idea

FIG. 1. Uptake of [1,5-"*C]citrate by Streptomyces coelicolor in the presence of different metal ions (). The uptake was measured in 50 mM
Chelex-washed PIPES buffer with a 75 pM concentration of Fe*>* (A), 10 mM concentrations of Ca** (B), Pb** (C), and Ba®>" (E), and 1 mM
concentrations of Mn*" (D), Co** (F), Mg?* (G), and Ni*"* (H). S. coelicolor was grown in SMMC broth. Results with metal-free controls (i.e.,
“free” citrate) (M) are shown as a contrast to the results with metal ions in each plot.
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that free citrate is not transported but, rather, that the pres-
ence of select metal ions is necessary for uptake.

No uptake of any “free” citrate or metal-citrate species
(Mg?*, Co*™, Ni**, Ba?*, Ca?", Pb**) above background was
observed when more-readily-metabolized carbon sources such
as glucose were used in place of, or in combination with,
citrate, indicating that expression does not occur in the pres-
ence of glucose. The exception to this was with media contain-
ing Fe*. A significantly higher uptake was observed for iron-
citrate than for “free” citrate when S. coelicolor was grown in
SMMG broth supplemented with 36 uM FeCl, - 6H,O (Fig. 3).
This implies that the system may be used not only as an alter-
nate energy source but also as an uptake system for iron.
Transcriptional control, then, may be through downregulation
in the presence of glucose or through upregulation in the
presence of both iron and citrate.

In addition, the growth of S. coelicolor was arrested in
Chelex-washed, metal-free SMMC broth. This arrest could be
prevented by the addition of Fe** (or Ca*"), but not Mg* or
Ni*", to the SMMC broth.

To further investigate the role of the Citg, gene, a number of
expression systems were constructed for attempted expression
in E. coli (known to be devoid of a “free”-citrate uptake pro-
tein under aerobic conditions) (11). Expression of Citg, in E.
coli proved highly toxic in systems tested prior to the use of
plasmids utilizing the pelB leader sequence [pET-27b(+) and
pET-25b(+)]. Cells containing either pET-27b(+)-Citg, (E.
coli AA93 Afec) or pET-25b(+)-Citg. (E. coli JW4251-2
AfecA) were successfully induced with 0.5 mM IPTG for 1 h in
LB broth in late log phase, with uptake of [1,5-'*C]citrate
observed with Fe**, Ca®", and Pb®>" metal ions (Fig. 4). The
presence of Mg?", Ni*", or Co** as a cofactor did not result in
citrate uptake in E. coli. Uncomplexed citrate was not trans-
ported. These results are consistent with uptake in S. coeli-
color. No transport was observed when Citg,. was not induced
by IPTG. It should be noted that E. coli has a primary transport
system specifically for Fe**-citrate transport. This system ac-
tively binds and transports Fe**-citrate in E. coli and is ATP
dependent (7). As a result, transport assays for Fe*" needed to
be conducted with E. coli without a functioning fec system. The
two strains used in transport assays here had either the cell
surface fecA gene (JW4251-2) removed or the entire fecAB
CDE operon (AA93) knocked out. In either case, the results
were the same and indicated that Fe** is a cofactor for citrate
transport through the secondary transporter of the CitMHS
family.

In the case of Ca®*- and Fe’"-citrate uptake, there is evi-
dence of rapid uptake and metabolism of the transported com-
plex, but the metabolic rates for each complex are notably
different. Metabolic differences can be attributed to stability
constants and the reduction of iron to the 2+ oxidation state
for release. Ca®*-citrate has a stability constant of 10>, which
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FIG. 5. Uptake and metabolism of Fe*"citrate with Citg, induced
with IPTG at 4°C in E. coli.

allows for intracellular decomplexation to rapidly occur in E.
coli. Fe* " citrate has a stability constant of 10'"%> preventing
decomplexation from readily occurring. Instead, E. coli uses
systems such as flavins to reduce Fe*"citrate to Fe*" citrate,
which has a stability constant of 10>, significantly lower than
that for Fe** citrate and similar to that of the calcium complex
(8, 26). Initial rapid metabolism of Fe’*-citrate and subse-
quent metabolic decreases can be seen in Fig. 4A. The change
in metabolic rates may be accredited to the change in the
concentration of reduced flavin. Reduced flavin formation oc-
curs enzymatically by NAD(P)H:flavin oxidoreductase in E.
coli, which converts flavin into reduced flavin at a k_,, of 63 =
2 s~ 1. Due to the low k,,, the rate of reduced flavin formation
is below the rate of reduced flavin usage, accounting for the
change in metabolic rates (8). A reduction of the induction
temperature to 4°C and collection of samples from time points
prior to 1 min “catch” the E. coli cultures in a period where the
transportation of Fe** citrate exceeds metabolic activity, yield-
ing a positive initial slope, which solidifies the notion that Citg,
is responsible for metal-citrate transportation (Fig. 5).

Once transported, it is likely that oxidative decarboxylation,
as part of the tricarboxylic acid cycle, decomplexes the metal-
citrate system and converts the citrate to oxaloacetate and,
with subsequent amination, aspartate. This would serve to
lower radioactivity counts inside the cells by evolving ['*C]CO,
(5). Interestingly, while uptake was also observed for Pb>", no
reduction in the postuptake concentration indicative of metab-
olism was observed. Seminal work by Francis et al. on the
metabolism of metal-citrate complexes can be used to ratio-
nalize these results (10, 11). Those researchers found that
metal-citrate complexes formed as mononuclear, bidentate
species (such as those of Fe>* and Ca®") could be metabolized
by Pseudomonas fluorescens but that tridentate species (such as
those of Pb>™) could be transported but were not metabolized.

FIG. 4. Effect of Citg, expression in E. coli on the uptake of [1,5-'*C]citrate in the presence (®) and absence (M) of different metal ions. Graphs
represent results from strain JW4251-2 and are characteristic of data collected from both E. coli JW4251-2 and E. coli AA93. Note that the y axis
for panel A is greater than those for panels B to H. Noninduced controls (0) are shown except where obscured by free-citrate controls. The uptake
was measured in 50 mM Chelex-washed PIPES buffer (pH 6.5) with a 75 M concentration of Fe*" (A), 10 mM concentrations of Ca>* (B), Pb*"
(C), and Ba®" (E), and 1 mM concentrations of Mn** (D), Co** (F), Mg** (G), and Ni** (H).
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TABLE 3. Ionic radii for all metal ions investigated”

Tonic

Metal ion radius (pm)

GO o9
Pb2t 119
BaZ o 134

“ Metal ions with radii greater than 79 pm were transported by Citg,.

The key that they proposed was the presence of an uncom-
plexed citrate hydroxyl group that may be critical for recogni-
tion/binding with aconitase and so for subsequent incorpora-
tion into the tricarboxylic acid cycle (11).

DISCUSSION

We believe that this is only the second example of a gram-
positive citrate transporter that preferentially uses ferric ions
as a vital cofactor for transport. It is the first such member of
the CitMHS family to be successfully functionally character-
ized outside the native organism. This is also, we believe, the
first study to show preferential metabolism of the transported
Fe*"-citrate species (over Pb** citrate, for example) when it is
expressed heterologously. The Fe-citrate species was also the
only species transported above the free-citrate background
when S. coelicolor was grown in SMM containing glucose and
iron. The absence of iron from the broth in the same experi-
ment greatly reduced subsequent Fe®*-citrate uptake. This
suggests that S. coelicolor uses this system to acquire iron.
While Fe** was the dominant vital cofactor for transport,
other metal ions with ionic radii of ~80 pm or greater (Mn**,
Ca®", Pb**, and Ba®?") were also transported. Assuming a
high-spin, octahedral-complex form for Fe*"-citrate (15), this
means an ionic radius of ~79 pm for iron. With the metal ions
Mg?", Ni**, and Co** not transported and having radii of less
than 72 pm, it appears then that the ionic radius has a role in
determining transporter specificity (Table 3).

Clearly, specificity does not correlate with the formation of
bi- or tridentate complex formation since tridentate Pb>* and
bidentate Ca>* and Fe’* are all transported. This is in agree-
ment with the works of Warner and Lolkema (28) and Francis
et al. (10, 11). Blancato et al. have instead determined that a
“size criterion” that is the result of the physical size of the
protein binding site plays a major role in determining specific-
ity (5). The difference between the transport of Mn>" and that
of Fe*", however, despite the similar ionic radii of the two
metal ions, suggests that complex speciation and/or coordina-
tion geometry may still play a part, with the presence of an
Fe*"-bound hydroxyl group in the [Fe(III)(OH)-citrate]”
complex (which is not found in the Mn** citrate complex, for
example) playing a role (e.g., as the H-bond donor in the
binding pocket). The two most common citrate-to-metal bind-
ing motifs are a linear citrate backbone and a “bent” citrate
backbone. The manganese is found with the linear arrange-
ment (24). Iron-citrate structures described by Matzapetakis et
al. describe the citrate in the “bent” arrangement for Fe®"
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(25). This may also explain the difference between Fe** uptake
and Mn?" uptake. Another potential effect may arise from
complex charge with the manganese complex monovalent and
the Fe(III)(OH),-citrate complex both a mono- and a divalent
species. The presence of both monovalent (68.2%) and diva-
lent (31.8%) Fe-citrate species was calculated using the MINT-
EQA2 program (14). Interaction with the additional negative
charge of the [Fe(IIT)(OH),-citrate]*~ complex may play some
role in the transport of iron being greater than that of manga-
nese and indeed greater than that of other metals forming
monovalent complexes (Ca>*, Pb**, Ba**, Mg>*, Co*", Ni**)
in general. Interestingly, it is the divalent species that was
metabolized in studies of P. fluorescens conducted by Joshi-
Tope and Francis (16).

S. coelicolor transports Fe*"-citrate when grown in SMMG
broth containing Fe** but does not transport Fe**-citrate
when Fe?™ is omitted from the growth media. This suggests
that the Citg, protein system may be used primarily to access
iron and not to access citrate. Given that S. coelicolor is a
dominant bacterium in the soil environment, it must be capa-
ble of surviving in such an environment. The ability to access
trace vital elements such as Fe’" is critical for survival and
would give S. coelicolor an advantage in such a competitive
environment. Korithoski et al. postulated this with their work
on S. mutans, a major cause of dental caries (20). They sug-
gested that S. mutans uses the S. mutans Cit (Citg,,) trans-
porter to gain access to Fe*" in humans. Blancato et al. (5) and
Warner and Lolkema (28) attempted to find a similar iron
uptake result with E. faecalis, which they noted had 75% amino
acid sequence homology to the Cit,, Fe*-citrate transporter
of S. mutans. They found instead the system to be predomi-
nantly Ca**-citrate with no iron uptake. Clearly these systems
are being controlled by an as-yet-unknown subtle mechanism
that controls for such exquisite metal-citrate selectivity (12).
The importance of this work on S. coelicolor lies in the impor-
tance of iron limitation in blocking infection by pathogenic
bacteria. For example, a single injection of iron was shown to
decrease the lethal dose of Pseudomonas aeruginosa (in a
murine infection model) from more than 10* organisms to
fewer than 10 (9, 17). While not a pathogenic bacterium, S.
coelicolor is a member of the actinomycete family, which
also includes Mycobacterium tuberculosis. The ability to ac-
cess iron from iron citrate found in blood plasma would give
M. tuberculosis a possible route for overcoming iron-based
bacteriostasis (3, 6, 27). High iron concentrations are also
necessary for biofilm formation, which implies that access to
higher levels of iron would promote pathogenesis in a bio-
film-forming bacterial genus such as Mycobacterium (3).
Chemical-speciation models actually indicate that, among
the naturally occurring low-molecular-mass ligands, a dom-
inant Fe> " -citrate species is formed at concentrations as low
as 1 mM in serum (19). Also, a sequence homology study of
the Citg. AA sequence and the B. anthracis genome found a
sequence with 48% homology based on amino acid se-
quence. We have recently begun work on this gene to in-
vestigate if it is indeed a member of the CitMHS family and
to compare it to Citg. and Citg,,,. We have also begun mu-
tagenesis studies of Citg, to attempt to elucidate the mech-
anism behind this extraordinary uptake process. This work
will be reported in due course.
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