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Citrate uptake in Bacillus subtilis is stimulated by a wide range of divalent metal ions. The metal ions were
separated into two groups based on the expression pattern of the uptake system. The two groups correlated
with the metal ion specificity of two homologous B. subtilis secondary citrate transporters, CitM and CitH, upon
expression in Escherichia coli. CitM transported citrate in complex with Mg21, Ni21, Mn21, Co21, and Zn21

but not in complex with Ca21, Ba21, and Sr21. CitH transported citrate in complex with Ca21, Ba21, and Sr21

but not in complex with Mg21, Ni21, Mn21, Co21, and Zn21. Both transporters did not transport free citrate.
Nevertheless, free citrate uptake could be demonstrated in B. subtilis, indicating the expression of at least a
third citrate transporter, whose identity is not known. For both the CitM and CitH transporters it was
demonstrated that the metal ion promoted citrate uptake and, vice versa, that citrate promoted uptake of the
metal ion, indicating that the complex is the transported species. The results indicate that CitM and CitH are
secondary transporters that transport complexes of divalent metal ions and citrate but with a complementary
metal ion specificity. The potential physiological function of the two transporters is discussed.

Citrate is abundant in nature and a natural constituent of all
living cells. Most bacteria have transport systems in the cyto-
plasmic membrane that mediate the uptake of citrate. Inter-
nalized citrate can be utilized as a carbon and energy source
under aerobic as well as under anaerobic conditions. Under
aerobic conditions citrate dissimilation occurs via the tricar-
boxylic acid cycle, while under anaerobic conditions three dif-
ferent fermentative pathways have been described (reviewed in
reference 7). All known bacterial citrate transporters are sec-
ondary transporters that use the energy stored in electrochem-
ical gradients of protons or sodium ions to drive uptake. Mech-
anistically, the transporters couple the uptake of citrate to the
uptake of one or more protons or sodium ions (25, 26, 27). A
special case are the citrate transporters found in lactic acid
bacteria that catalyze heterologous exchange of citrate and
lactate (precursor-product exchange) (4, 19). These transport-
ers are involved in secondary proton motive force generation
by translocation of net negative charge into the cell (20). A
similar precursor-product exchange mechanism has been pro-
posed for CitT, a citrate transporter of Escherichia coli that is
induced under anaerobic conditions (23).

Citrate forms stable complexes with divalent metal ions.
Most citrate transporters are inhibited by the addition of di-
valent cations because they do not recognize the metal-citrate
complex (18, 25, 28). However, in strains of the genera Pseudo-
monas, Klebsiella, Citrobacter, and Bacillus citrate transporters
have evolved that specifically recognize citrate in complex with
a divalent metal ion (5, 13, 17). It is believed that these organ-
isms take up complexed citrate because it is available as such in
their habitat.

To date, the best-studied system for metal-citrate transport
is the Mg21-dependent citrate transporter CitM of Bacillus
subtilis (6). CitM is a proton motive force-driven secondary

citrate transporter that is strictly dependent on the presence of
Mg21. Regulation of expression of the transporter is under
strict control of the medium composition. Expression requires
the presence of citrate in the medium that activates a two-
component signal transduction pathway (9, 32) and is under
control of catabolite repression by rapidly metabolized carbon
sources like glucose, inositol, and succinate (30a). CitM be-
longs to a novel family of secondary transporters that contains
only six known members, three of which are found in B. subtilis.
One of these, termed CitH, was also shown to be a citrate
transporter. Since uptake of citrate catalyzed by CitH was
inhibited by the presence of Mg21 in the assay buffer, it was
reported to transport free citrate (6). The function of the third
B. subtilis homolog encoded by the yraO gene is unknown.
Other uncharacterized members of the family are found in
Streptomyces coelicolor A3, Campylobacter jejuni, and Neisseria
meningitidis.

In this study we report on the metal ion specificity of the two
homologous B. subtilis citrate transporters CitM and CitH. The
latter was erroneously reported to be a transporter for free
citrate. It is demonstrated that both transporters transport
citrate in complex with divalent metal ions but that the metal
ion specificity is complementary. CitM transports the complex
of citrate with Mg21, Ni21, Co21, Mn21, and Zn21, and CitH
transports the complex of citrate with Ca21, Sr21, and Ba21.
These findings pose new questions about the physiological role
of metal-citrate transporters in bacteria.

MATERIALS AND METHODS

Strains and growth conditions. B. subtilis strain 168 was used as the wild-type
strain. B. subtilis was grown on C medium (2) in which ferric ammonium citrate
was omitted. The C medium was supplemented with 6 g of sodium succinate and
8 g of potassium glutamate per liter (CSE-medium) and either 10 mM tri-sodium
citrate (CSEC) or 10 mM glucose (CSEG) as an additional carbon source
(Warner et al., unpublished data). Auxotrophic requirements were added at a
final concentration of 20 mg/ml. Overnight cultures of B. subtilis grown on CSEC
were used to inoculate 25 ml of either CSEG or CSEC, yielding an optical density
measured at 660 nm of 0.1, after which the cultures were allowed to grow for 6 h
under continuous shaking at 150 rpm and at 37°C.

The B. subtilis CitM and CitH transporters were cloned and expressed in
E. coli DH5a. Cells were grown at 37°C in Luria-Bertani medium (21) with 50 mg
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of carbenicillin per ml and 1 mM isopropylthiogalactopyranoside. An overnight
culture was used to inoculate 25 ml of fresh Luria-Bertani medium in 100-ml
flasks. Cells were grown at 37°C on a rotary shaker operated at 150 rpm.

Construction of expression vectors. Vector pET324 is a pTrc99A derivative
containing an engineered NcoI site (CCATGG) around the lacZ start codon
(24). The multiple cloning site of the low-copy vector pWSK29 (30) was replaced
with the multiple cloning site of pET324 by digestion with PvuII, yielding vector
pBK29.

Plasmid pWSKcitM contains the B. subtilis citM gene downstream of the lac
promoter on the low-copy vector pWSK29 and the original B. subtilis ribosome
binding site as described previously (6). The sequence XXGTGX, containing the
GTG start codon of citM, was mutated to CCATGG, thereby replacing the GTG
initiation codon with an ATG initiation codon and introducing a NcoI site
around the start codon. The NcoI sites in the citM sequence were removed by
silent mutations using PCR mutagenesis, after which the sequence was verified
by sequencing. The plasmid was digested with NcoI and XbaI, and the fragment
containing the citM gene was ligated into pBK29. In the resulting plasmid,
pBKCitM, the citM gene is cloned immediately behind the lacZ ribosome binding
site under control of the lac promoter.

Plasmid pWSKcitH contains the B. subtilis citH gene downstream of the T7
promoter and the B. subtilis ribosome binding site (6). The multiple cloning site
of pWSKcitH was inverted using the BssHII restriction sites yielding plasmid
pWKScitH with the citH gene under control of the lac promoter and the original
B. subtilis ribosome binding site.

Transport assay. The cells were harvested by centrifugation and washed once
with cold 50 mM PIPES [piperazine-N,N9-bis(2-ethanesulfonic acid), pH 6.5.
Cells were resuspended in the same buffer to yield an optical density at 660 nm
of 10. Transport activity was determined by the rapid filtration method (15).
Briefly, cells were diluted 10-fold in 50 mM PIPES, pH 6.5, and 100 ml samples
were incubated for 8 min at 30°C while being magnetically stirred. At time zero,
[1,5-14C]citrate (4.4 mM final concentration at 114 mCi/mmol) or L-[U-14C]pro-
line (3.6 mM final concentration at 260 mCi/mmol) was added. Radiolabeled
63NiCl2 was used at 12.5 mM and 45CaCl2 was used at a 24.7 mM final concen-
tration. Routinely divalent cations were present in the cell suspensions during the
8-min preincubation time. Control experiments in which the metal ions were
added together with the radiolabeled citrate at the zero time point did not result
in significant differences. Uptake was stopped by the addition of 2 ml of ice-cold
0.1 M LiCl solution, immediately followed by filtering through a 0.45-mm-pore-
size nitrocellulose filter. The filters were washed once with 2 ml of ice-cold 0.1 M
LiCl, after which the filters were submerged in scintillation fluid and the retained
radioactivity was counted in a liquid scintillation counter. Uptake at the zero
time point was estimated by adding the radiolabeled substrate to the cell sus-
pension after the addition of 2 ml of ice-cold LiCl, followed by immediate
filtering. Experiments were performed at least in triplicate, using cells of inde-
pendent cultures. Shown are typical uptake curves. Kinetic parameters were
determined from the linear parts of the uptake curves. Initial rates were mea-
sured in duplicate at the 10- and 20-s time points using metal-citrate concentra-
tions in the range of 4.4 mM to 1 mM.

Speciation of the divalent cations in the transport buffer was calculated using
the MINTEQA2 program (13), with the exception of Co21 and Sr21, for which
the citrate binding constants were not available. All metal ions were added as
metal-Cl2 salts dissolved in Milli-Q purified water.

RESULTS

Uptake of divalent metal-citrate complexes in Bacillus sub-
tilis. The Mg21-dependent citrate transporter CitM of B. sub-
tilis is induced by the presence of citrate in the medium and
repressed by the presence of glucose (Warner et al., unpub-
lished data). Consequently, B. subtilis cells grown in the pres-
ence of citrate readily took up [14C]citrate in the presence of
Mg21, while cells grown in the presence of glucose did not
(Fig. 1A). When Mg21 was omitted from the uptake experi-
ment, very little [14C]citrate uptake was observed in the cells
grown on citrate (Fig. 1F), confirming that the Mg21-citrate
complex is the substrate of CitM (6). In contrast, the uptake by
cells grown on glucose was inhibited by the presence of Mg21,
suggesting that the Mg21-citrate complex is not a substrate of
the transport system expressed under those conditions (com-
pare Fig. 1A and F). The expression pattern of the uptake
activity was used to identify other divalent metal ions that
induce citrate uptake via the same transport system by replac-
ing Mg21 in the transport assay buffer with a series of other
divalent metal ions. The same pattern of citrate uptake in cells
grown in the presence of citrate and the inhibition of uptake in
cells grown on glucose was observed with Ni21, Co21, Mn21,

and Zn21, suggesting that the complexes of citrate with these
metal ions are substrates of CitM (Fig. 1B to E). The order of
initial uptake rates (from greatest to least) was Mg21, Mn21,
Ni21, Co21, Zn21. The divalent Ca21, Sr21, and Ba21 ions
resulted in citrate uptake, but the pattern of expression was
opposite. Cells grown in the presence of citrate showed lower
uptake activities in the presence of these metal ions than cells
grown in the presence of glucose (Fig. 1G to I). The highest
uptake was observed with Ba21, while the uptakes in the pres-
ence of Ca21 and Sr21 were similar, as observed in the absence
of added metal ions. It should be noted that a concentration of
10 mM Ca21 drives 98% of the citrate present in the assay in
the Ca21-citrate complex, indicating that the complex is the
substrate for the transport system. Remarkably, citrate uptake
in the absence of added divalent metal ions showed the same
expression pattern as that observed for the Ca21-, Sr21-, and
Ba21-citrate complexes (Fig. 1F to I). In conclusion, free ci-
trate and the complex of citrate with Ca21, Sr21, and Ba21

were taken up by a different transport system(s) than citrate
complexed to Mg21, Ni21, Co21, Mn21, and Zn21.

Uptake of free citrate in Bacillus subtilis. The catalytic activ-
ity of B. subtilis CitH was characterized after expression of the
protein in E. coli, and it was concluded that CitH transports the
free citrate anion (6). In B. subtilis, uptake of free citrate was
observed with cells grown in the presence of glucose, and a
lower activity was observed in growth medium containing ci-
trate (Fig. 1F). The same pattern of uptake activity was ob-
served in the presence of Ca21, Ba21, and Sr21, which
prompted us to reinvestigate the metal ion dependence of
CitH in E. coli. In the presence of increasing concentrations of
the chelator EGTA the uptake of citrate in E. coli cells ex-
pressing CitH decreased to zero uptake at 1 mM concentration
of the chelator (Fig. 2A). In a control experiment, the same
concentration of EGTA had no effect on L-[U-14C]proline
uptake by the cells, indicating no significant effect on the en-
ergy status of the cells (Fig. 2B). Apparently, uptake of citrate
catalyzed by CitH depends on the presence of residual divalent
metal ions in the assay, and it can be concluded that CitH is not
a transporter of free citrate.

To investigate the presence of a transporter for free citrate,
the same experiments were repeated with B. subtilis. In con-
trast to what was observed for E. coli expressing CitH, 1 mM
EGTA decreased the uptake rate by a factor of about 2, leav-
ing a significant level of uptake (Fig. 2C). Therefore, part of
the citrate uptake activity observed in B. subtilis without the
addition of divalent metal ions was due to the presence of
residual metal ions and in part was catalyzed by a transporter
for free citrate that, however, is not CitH. Addition of 10 mM
Ca21 in addition to 1 mM EGTA drives the free citrate in the
Ca21-citrate complex (98% complex formation) and resulted
in a slightly higher uptake activity, showing that Ca21-citrate is
taken up by B. subtilis grown in the presence of glucose.

Metal ion specificity of CitM and CitH. The metal ion spec-
ificity of CitM and CitH was determined by expressing the
transporters in E. coli. Unlike most enterobacteria, E. coli does
not express an endogenous citrate transporter when grown
aerobically (14). Accordingly, cells harboring plasmid pWSK29
without the citM or citH inserts did not show any citrate uptake
in the presence or absence of divalent metal ions (Fig. 3A to
H). E. coli cells expressing CitM transported citrate in the
presence of Mg21, Ni21, Mn21, Co21, and Zn21 but trans-
ported none or very little in the presence of Ca21, Ba21, and
Sr21 (Fig. 3A to H). In contrast, E. coli cells expressing CitH
took up citrate in the presence of Ca21, Ba21, and Sr21 and
took up none or very little in the presence of Ni21, Mn21,
Co21, and Zn21 (Fig. 3B to H). Significant uptake was ob-

VOL. 182, 2000 METAL-CITRATE UPTAKE IN B. SUBTILIS 6375



FIG. 1. Uptake of [14C]citrate by B. subtilis in the presence of different divalent metal ions. The uptake of [14C]citrate was measured in 50 mM PIPES, pH 6.5, in
the presence of 1 mM concentrations of Mg21 (A), Ni21 (B), Mn21 (C), Co21 (D), or Zn21 (E); without added metal ions (F); and in the presence of 10 mM
concentrations of Ca21 (G), Ba21 (H), or Sr21 (I). B. subtilis 168 was grown in CSEC (F) or CSEG (E) medium.
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served in the presence of 1 mM Mg21 (Fig. 3A). However, at
this concentration, only 42.5% of the citrate in the assay was in
the complexed state. Increasing the concentration 10-fold
(70% complex formation) further decreased the uptake activ-
ity (not shown) showing that the Mg21-citrate complex is not a
substrate of CitH, consistent with what has been observed
before (6). The residual citrate uptake in the presence of 1 mM
Mg21 was due to the fraction of citrate not complexed to Mg21

(Fig. 2). In conclusion, within the series of divalent metal ions
tested, the citrate transporters CitM and CitH have comple-
mentary metal ion specificities. The metal ion specificity cor-
related with the expression patterns obtained in B. subtilis,
suggesting that both CitM and CitH were expressed but that
the expression of each is under different control.

The kinetic parameters for citrate uptake catalyzed by CitM
and CitH in the presence of the different divalent metal ions
were estimated from the initial rates of uptake in cells of E. coli
expressing CitM and CitH. Both transporters had a remarkably
similar affinity for the complexes, with an affinity constant
around 45 mM (Table 1). Larger differences were observed in
the maximal uptake rates for both transporters. The highest
and lowest maximal rates catalyzed by CitM were observed
with Co21 and Mn21 (600 and 214 pmol/min z mg of protein,
respectively). CitH had the highest activity with Ca21 and
three- to fivefold less so with Ba21 and Sr21.

Role of the metal ions. The initial rate of citrate uptake
catalyzed by CitM expressed in E. coli at increasing Ni21 con-
centration became saturated at a concentration of approxi-
mately 1 mM Ni21 (Fig. 4A). Calculation of the fraction of
citrate in the Ni21 complexed state in this concentration range
using a formation constant of log K 5 5.4 (10) suggested that
much more Ni21 was needed to saturate the rate than would
be required to complex all citrate. The same, but less extreme,
was observed for the uptake of citrate catalyzed by CitH for the
Ca21-citrate complex (log K 5 3.5). For both transporters
there is a clear dependence on the divalent metal ion, but the
relation does not seem to correlate with the formation of the
metal-citrate complex. This raises some doubt about whether
the metal-citrate complex is the actual species transported by

the transporters or whether the metal ion is needed to activate
the transporter. To resolve the issue, citrate-dependent uptake
of the radiolabeled cations 63Ni21 and 45Ca21 was studied.

E. coli cells harboring plasmid pWSK29 without the citM or
citH insert took up 63Ni21 at an initial rate of about 300
pmol/min z mg of protein (Fig. 5A). This endogenous uptake is
most likely catalyzed by the CorA Mg21 uptake system, which
has been reported to have affinity for other divalent metal ions
as well (reviewed in reference 29). Addition of 100 mM citrate
greatly reduced the endogenous uptake by chelating the 63Ni21

in the buffer. In the cells expressing CitM the endogenous
uptake of 63Ni21 was somewhat lower, but, most importantly,
addition of citrate resulted in a strong stimulation of 63Ni21

uptake (Fig. 5B). Therefore, Ni21 induces citrate uptake (Fig.
4A) and citrate induces Ni21 uptake in E. coli cells expressing
CitM, showing that CitM transports the complex of Ni21 and
citrate. The endogenous uptake of Ni21 in the cells and bind-
ing of Ni21 to cell material are likely to account for the dis-
crepancy between the theoretical complex formation of Ni21-
citrate and the Ni21 dependence of the uptake rate observed in
Fig. 4A.

Endogenous uptake of 45Ca21 in E. coli cells harboring
plasmid pWSK29 was low and may even reflect binding to cell
wall constituents (Fig. 4C). In the presence of citrate, the
amount of 45Ca21 retained by the cells was not significantly
different. Cells expressing CitH showed a significantly in-
creased uptake of 45Ca21 in the presence of 100 mM citrate
(Fig. 4D). Clearly CitH catalyzes the transport of the 45Ca21-
citrate complex.

DISCUSSION

In the early 1980s, it was demonstrated that citrate uptake in
B. subtilis was stimulated by the presence of a wide range of
divalent metal ions, but the transporters responsible for the
uptake activity were not known (5). Much later, a secondary
transporter, termed CitM, of B. subtilis was cloned in E. coli
and shown to transport citrate in the presence of Mg21 but not
in its absence (6). The present study demonstrates that CitM

FIG. 2. Effect of EGTA on [14C]citrate uptake. (A) Uptake of citrate by E. coli cells expressing CitH in 50 mM PIPES, pH 6.5 (E), and in the presence of 100 mM
(ƒ) and 1 mM EGTA (h). (B) Uptake of [14C]proline in the same cells in the presence (h) or absence (E) of 1 mM EGTA. (C) Citrate uptake in 50 mM PIPES,
pH 6.5, by B. subtilis 168 cells grown in CSEG medium measured in the absence (E) and in the presence (h) of 1 mM EGTA and in the presence of 1 mM EGTA–10
mM Ca21 (ƒ).
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transports citrate not only in complex with Mg21 but also with
Mn21, Ni21, Zn21, and Co21, although it does not transport
citrate in complex with Ca21, Ba21, or Sr21. A paralog of
CitM, termed CitH, was also cloned and characterized in E.
coli. It was thought to transport free citrate since uptake was
observed without added metal ions and was inhibited by the
addition of Mg21 (6). The conclusion was unfortunate, since it
is now demonstrated that CitH transports citrate in complex
with Ca21, Ba21, and Sr21 but not with Mg21, Mn21, Ni21,
Zn21, or Co21. Therefore, both transporters are metal-citrate
transporters with complementary metal ion specificity. The
uptake observed in E. coli cells expressing CitH without adding
metal ions was due to residual metal ions, most likely Ca21,
present in the cell suspension that could effectively be scav-
enged with EGTA. Both CitM and CitH do not transport the
free citrate anion. Nevertheless, citrate uptake in B. subtilis was
observed in the presence of the chelator EGTA, indicating that
at least one additional citrate transporter is expressed in B.
subtilis that is specific for free citrate. Possible candidates are
the product of open reading frame yraO that is homologous to
both CitM and CitH, and a protein encoded by the yxkJ gene
that is a member of the 2-hydroxycarboxylate transporter (3)
family, a family of citrate and malate transporters. Preliminary
experiments have demonstrated that the gene product of yxkJ
indeed is a citrate transporter (B. P. Krom, R. Aardema, J. B.

Warner, W. N. Konings, and J. S. Lolkema, unpublished data).
At any rate, B. subtilis seems to express a multitude of trans-
porters for citrate but not under the same control.

Expression of CitM in B. subtilis is under strict control of the
medium composition. The transporter is induced by citrate in
the medium and is repressed by other, more easily metabolized
carbon sources (14, 30a) Such an expression pattern suggests
that CitM is the transporter responsible for growth on citrate

FIG. 3. Metal ion specificity of CitM and CitH. [14C]citrate uptake in E. coli cells harboring plasmid pWSK29 (■), expressing CitM (F), and expressing CitH (�)
in the presence of 1 mM concentrations of Mg21 (A), Ni21 (B), Mn21 (C), Co21 (D), and Zn21 (E) and 10 mM concentrations of Ca21 (F), Ba21 (G), and Sr21 (H).

TABLE 1. Kinetic parameters of CitM and CitH for uptake of
divalent metal-citrate complexes in whole cells of E. coli

Divalent
metal

Trans-
porter

Km
(mM)

Vmax (pmol/min z
mg of protein)

Ionic
radiusa (Å)

Mg21 CitM 63 344 0.66
Co21 CitM 35 661 0.72
Ni21 CitM 43 460 0.69
Mn21 CitM NDb 214 0.80
Zn21 CitM 40 293 0.74
Ca21 CitH 33 155 0.99
Sr21 CitH 50 58 1.12
Ba21 CitH 42 31 1.34

a Ionic radius of divalent metal, taken from reference 31.
b ND, not determined.
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as the carbon and energy source that is only needed in the
absence of better growth substrates. The transporter would be
specific for the metal-citrate complex because citrate is present
as such in the medium, but the physiological function would be
citrate uptake. Nevertheless, in the presence of other divalent
metal ions, these will also be taken up and will affect the
usually delicate balance of the metal ions in the cell. For
example, Ni21 is an essential cofactor for a number of enzy-
matic reactions but becomes toxic at elevated intracellular
concentrations. Therefore, bacterial cells contain transporters
that take up Ni21 as well as transporters that expel the metal
ion to keep the intracellular concentration within certain limits
(for a review, see reference 8). In specific medium composi-
tions, the uptake of Ni21 in complex with citrate may be an
important factor in the homeostasis of the metal ion.

The physiological role of CitH is not clear. Possibly, CitH
functions under those conditions where much of the citrate is
complexed to f.i. Ca21. Alternatively, CitH activity might be
relevant to the uptake of the Ca21 ion rather than citrate.
Recently, the role of Ca21 as a signaling ion in bacteria (22),
and in particular in B. subtilis (12), has become evident. Ca21

is implicated in a number of bacterial functions, including heat
shock response, pathogenicity, differentiation, and cell cycle.
Ca21 signaling requires a strict control of the intracellular
concentration via uptake and extrusion systems. A number of
secondary calcium exchangers have been identified in bacteria,
which extrude Ca21 from the cytosol driven by the proton or
sodium ion motive force. Uptake of Ca21 is believed to be
mediated by channel activity or transporters that take up Ca21

complexed to inorganic phosphate or DNA. Possibly, CitH
plays an important role in the Ca21 signaling pathways as well.
Clearly, the physiological role of CitH needs further investiga-
tion.

CitM and CitH are homologous proteins that share 52%
identical amino acid residues and very similar hydropathy pro-
files, suggesting a similar three-dimensional folding (6, 16).
Both transporters transport citrate complexed to divalent

metal ions, but their metal ion specificities are complementary.
They specifically recognize the metal ion in the complex with
citrate, which demonstrates that complexes of citrate with
Ca21, Ba21, and Sr21 are different from complexes with Mg21,
Mn21, Ni21, Zn21, or Co21. The differences between the two
groups are reflected by, most likely, subtle differences in the
binding site of the transporters. Within the two groups, the
affinity of the transporters is more or less the same (Table 1),
indicating that the initial recognition is similar. In the translo-
cation step, the differences are more prominent, indicating that
the actual catalytic step is more sensitive to differences within
a group of complexes. Bidentate and tridentate complex for-
mation has been suggested to be the basis of biological recog-
nition of complexes of citrate with different metal ions (13).
However, the series of metal ions used in this study are all
expected to form bidentate complexes with citrate. If so, the
conformation of the citrate anion is mainly determined by the
size of the metal ion in the complex. In crystal structures of
metal ion citrate complexes, two major conformations were
identified (11). The backbone of the citrate molecule can form
a linear molecule, or the backbone is bent backwards. Some
metal ions, like Co21 or Ni21, show up in both conformations,
while others are predominantly found in one of the two con-
formations. Ca21 complexes of citrate have the bent confor-
mation, while Mg21 and Mn21 complexes have the linear con-
formation. Clearly, the group of metal ions transported by
CitM are the smaller cations, with a Pauling radius of less than
0.80 Å, while the ions transported by CitH have radii that are
larger than 0.98 Å (Table 1). These conformations and radii
follow from crystallographic studies, and their relevance to
the discrimination between the two groups of metal-citrate
complexes by CitM and CitH in solution remains to be
established.
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FIG. 4. Relation between initial rate of citrate uptake and metal ion concentration. The initial rate of uptake of citrate in E. coli cells expressing CitM (A) and CitH
(B) was measured at the indicated concentrations of Ni21 (A) and Ca21 (B). The dotted lines indicate the calculated fraction of citrate in the metal-citrate complex
using formation constants of log K 5 5.4 and 3.5 for Ni21 (A) and Ca21 (B), respectively.
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