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MntH, a bacterial homolog of the mammalian natural resistance-associated macrophage protein 1
(Nrampl), is a primary Mn>* transporter of Salmonella enterica serovar Typhimurium and Escherichia coli. S.
enterica serovar Typhimurium MntH expression is important for full virulence; however, strains carrying an
mntH deletion are only partially attenuated and display no obvious signs of Mn>* deficiency. We noted that
promoter sequences for mntH and for the putative Fe’* transporter sitABCD appeared to have the same
regulatory element responsive to Mn>* and so hypothesized that sitABCD could transport Mn?* with high
affinity. We have now characterized transport by SitABCD in S. enterica serovar Typhimurium using *Mn*"*
and *°Fe’* and compared its properties to those of MntH. SitABCD mediates the influx of Mn>* with an
apparent affinity (K,) identical to that of MntH, 0.1 uM. It also transports Fe** but with a K, 30 to 100 times
lower, 3 to 10 uM. Inhibition of **Mn?* transport by Fe** and of **Fe?>* transport by Mn>* gave inhibition
constants comparable to each cation’s K, for influx. Since micromolar concentrations of free Fe?* are
improbable in a biological system, we conclude that SitABCD functions physiologically as a Mn?* transporter.
The cation inhibition profiles of SitABCD and MntH are surprisingly similar for two structurally and
energetically unrelated transporters, with a Cd>* K, of ~1 pM and a Co*™ K, of ~20 pM and with Ni**, Cu**,
and Fe** inhibiting both transporters only at concentrations of >0.1 mM. The one difference is that Zn**
exhibits potent inhibition of SitABCD (K; = 1 to 3 pM) but inhibits MntH weakly (K; > 50 pM). We have
previously shown that MntH transports Mn>* most effectively under acidic conditions. In sharp contrast,
SitABCD has almost no transport capacity at acid pHs and optimally transports Mn>* at slightly alkaline pHs.
Overall, coupled with evidence that each transporter is multiply but distinctly regulated at the transcriptional
level, the distinct transport properties of MntH versus SitABCD suggest that each transporter may be

specialized for Mn>* uptake in different physiological environments.

MntH is a high-affinity Mn?" transporter of Salmonella en-
terica serovar Typhimurium and Escherichia coli with good
homology to the eukaryotic Nramp proteins, a family of pro-
teins in the domains Eucarya and Bacteria (7), with putative
homologs recently identified in some members of the domain
Archaea (18). Nramp proteins are electrogenic divalent cation-
proton transporters with broad specificity for transition metals.
The best-characterized substrates for the mammalian systems
are Mn*" (14, 16) and Fe** (2, 11, 14, 21), although relative
affinities and capacities for the various transition metal cations
have not yet been published.

MntH mediates the influx of Mn?" with an affinity of about
0.1 uM in S. enterica serovar Typhimurium and of 0.5 uM in E.
coli (19). It can also transport Fe** but only with an affinity of
>10 M, far higher than physiological concentrations of free
Fe*". Thus, we previously concluded that MntH functions
physiologically as a primary Mn®" influx system. This conclu-
sion is consistent with functional data on Mn?* uptake and
related phenotypes in other species. Derepression of the B.
subtilis MntH homolog increases sensitivity to growth inhibi-
tion by Mn?* (25). A similar increase in Mn*" sensitivity is
seen in E. coli after overexpression of MntH (19). Some metal-
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dependent growth phenotypes are also affected by mutation of
the E. coli mntH locus (24). Mn*" inhibits Ni** uptake in
Xenopus oocytes transfected with the M. tuberculosis MntH
homolog Mramp (1). Collectively, these findings suggest that
Mn?* is of general importance in both free-living and patho-
genic bacteria. This hypothesis is supported by the findings that
MntH contributes to H,O, resistance in both E. coli and S.
enterica serovar Typhimurium, that S. enterica serovar Typhi-
murium mntH is induced upon entry into murine macrophages,
and that S. enterica serovar Typhimurium MntH function is
required for full virulence even in BALB/c mice which are
themselves functionally Nrampl~'~ (19).

Despite its apparent role as a primary Mn>" influx system, S.
enterica serovar Typhimurium and E. coli lacking mntH display
no obvious growth deficiency attributable to Mn?", and as
noted, virulence in mice is only partially attenuated. In con-
trast, lack of natural resistance-associated macrophage protein
1 (Nrampl) in the mouse has a clear phenotype of greatly
increased sensitivity to a variety of pathogens (3, 5, 6, 12, 22,
23, 30). One possible explanation for the apparently less severe
phenotype in S. enterica serovar Typhimurium is that the bac-
terium possesses another Mn?* transport system that can par-
tially or wholly suppress deficiencies due to loss of mntH. We
had previously noted that the S. enterica serovar Typhimurium
mntH promoter contains not only OxyR and Fur binding mo-
tifs but also a novel inverted repeat element. This putative
cis-acting element is also present, intriguingly, in the promoter
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of sitABCD, an ABC cassette-ATPase type transporter capable
of Fe*" transport (17, 31). The sitABCD locus resides on a
pathogenicity island, and its mutation attenuates S. enterica
serovar Typhimurium virulence. We hypothesized that Sit-
ABCD could transport Mn** with high affinity and that it
might therefore serve as an alternative Mn?* transporter un-
der some physiological conditions. Our present data show that
SitABCD is primarily a Mn?* transporter rather than an Fe*"
transporter. Moreover, while the affinity of Mn?* for each
system is identical and independent of pH, their rates of up-
take have quite different dependencies on pH, with SitABCD
operating optimally at slightly alkaline pHs and MntH operat-
ing optimally at acid pHs, suggestive of distinct physiological
roles.

MATERIALS AND METHODS

Bacterial strains. The mntH sitABCD double mutant strain MM2524 was
constructed by P22 transduction of the sit4100:MudCm allele from JS142 (also
designated MM2495), which is ATCC 14028 sitA100::MudCm (17), into
MM2165, which is SL1344 mntH11::kan (19). The sitA100::MudCm insertion is
polar on the entire sitABCD operon (17). Strain MM2524 was transformed with
pBluescript II SK+ (Stratagene, Inc.) to generate the amp but still doubly
transporter-deficient strain MM2637. MM2524 was transformed with pDGK220
(19) to generate the amp and MntH-overexpressing strain MM2638 and with
pAJ113 to generate the amp and SitABCD-overexpressing strain MM2639.
pAJ113 is a derivative of pAJ107 (17) in which the insert has been reduced to the
4,697-bp Bsgl fragment extending from 290 bp 5’ of the sit4 start codon to 975
bp 3’ of the sitD stop codon. MM2089 is wild-type S. enterica serovar Typhi-
murium SL1344. Since MM2638 and MM2639 require ampicillin in the growth
medium (50 pg/ml) to maintain the overexpressing plasmids, we used MM2637
grown in the presence of ampicillin rather than MM2524 as our negative control
for transport studies. For studies on wild-type cells, MM2089 and the negative-
control MM2524 were grown in the absence of antibiotics.

Transport assay. Transport was performed as previously described (19) in
intact cells carrying one or both of the MntH and SitABCD transporters. Man-
ganese(IT) uptake and iron(IT) uptake were determined by incubating cells in DT
medium (0.4% tryptone peptone, 0.25% NaCl) with **Mn** (Amersham) as
used by Silver and colleagues (29), with duplicate or triplicate samples at each
time point or concentration. Cells were then processed essentially as for Mg?*
transport assays from this laboratory (13). Cells were filtered with 0.45-pwm-pore-
size filters (BA8S; Schleicher and Schuell), rinsed twice with 5 ml of ice-cold DT
medium, and counted in BioSafe II scintillation cocktail (Research Products
International, Inc.) in a Beckman LS6500 liquid scintillation counter. Channels
401 through 945 were used to detect photons derived from gamma radiation of
>*Mn?". Beta radiation from **Mn?*, though more abundant, was also more
variable due to inconsistent quenching in low-energy channels. %Fe?* uptake
was measured by detection of beta radiation in channels 1 through 400. Divalent
cation solutions were made as 100 mM or 1 M stocks and diluted immediately
before each assay. For Fe>™ and Fe3", fresh stocks were made immediately
before the assay. The presence or absence of ascorbate had no effect on results
in experiments with Fe?*,

All data reported, except that in Fig. 7, are initial rates of transport. Transport
via MntH was linear over time for at least 3 min, while transport via SitABCD
was linear over time for at least 6 min at the cell and substrate concentrations
required to achieve an amount of transport sufficient for statistical accuracy given
the specific activity of the respective isotope. In experiments with wild-type cells,
the respective maximal uptake capacities of the two transporters are propor-
tional to their initial rates of uptake, since their apparent affinities for Mn>" are
identical (0.1 pM). Consequently, the absolute concentration of substrate cation
is not a factor for such comparison. For the experiment with wild-type cells
presented in Fig. 7, detection of *>Fe?* uptake required the use of a higher
concentration of cells than in other experiments. Consequently, uptake of
S*Mn>" measured under the identical conditions was linear for only 90 to 120 s
rather than the somewhat longer times seen with lower cell numbers, thus
dictating the choice of 1 min uptake values for comparison.
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FIG. 1. Mn*" affinity for SitABCD is below 1 pM and insensitive to
pH. Mn?" uptake by MM2639 (MM2524/pAJ113) was measured as
described in Materials and Methods with 50 nM extracellular **Mn**
and increasing concentrations of nonradioactive Mn>" at the assay pH
indicated, with each concentration tested twice. A single representative
experiment of three similar experiments is shown. Errors ranged from
about =5% at low total Mn** concentrations to 3% at higher Mn*"
concentrations.

RESULTS

SitABCD transport of Mn>". For measurement of transport,
a stable insertion mutation in sitABCD and a stable deletion
mutation in mntH were combined to create a strain with no
detectable Mn*" uptake (MM2524 [described in Materials and
Methods]). Each system with its native promoter was added
back individually on a relatively high-copy-number plasmid:
pDGK220 in MM?2524, generating MM2638 (for MntH) and
pAJ113 in MM2524, generating MM2639 (for SitABCD).
Overnight growth in M9 medium with glucose (M9/glucose
medium) allowed sufficient expression for transport analysis.
As illustrated in Fig. 1, MM2639 carrying only SitABCD trans-
ported **Mn?" with an affinity of approximately 0.1 M, iden-
tical to that for MntH. SitABCD affinity for Mn®" was inde-
pendent of pH, as for MntH (19).

Fe?" inhibited Mn?" uptake, but the K; of Fe?" inhibition
for SitABCD was dependent on pH, ranging from about 50
pwM at pH 8 to about 3 uM at pH 6.2 (Fig. 2). In contrast to
ferrous iron, ferric iron inhibited Mn** uptake by SitABCD
poorly, with a K; of about 100 uM that was insensitive to pH.
These properties of SitABCD interaction with iron were iden-
tical to those of MntH, except that the apparent K; of SitABCD
for Fe*" was approximately 3- to 10-fold lower (better) than
that of MntH for Fe**. SitABCD took up **Fe®* (Fig. 3) with
an apparent affinity and pH dependence that were completely
consistent with the Fe*" inhibition of Mn*" transport (Fig. 2).
Likewise, in the reverse experiment, the K; for Mn?" inhibition
of **Fe?* uptake was insensitive to pH and equal to the ap-
parent affinity (K,) for >**Mn*" uptake (data not shown). The
salient result is that the affinity for Mn** is 10 to 100 times
better than that for Fe** for both transporters, regardless of
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FIG. 2. Fe** but not Fe** inhibition of SitABCD Mn?* uptake is
sensitive to pH. Mn?" uptake by MM2639 (MM2524/pAJ113) was
measured as described in Materials and Methods with 50 nM extra-
cellular **Mn** and increasing concentrations of nonradioactive Fe*"
or Fe** at the assay pH indicated, with each concentration tested
twice. Assays with Fe?™ contained 1 mM ascorbate. A control exper-
iment showed that ascorbate did not affect transport by SitABCD. One
of two similar experiments is shown. Errors ranged from about =4% at
low total Mn?* concentrations to +2% at higher Mn>* concentrations.

pH sensitivity. Further, SitABCD could not mediate uptake
of >Fe** (data not shown). Since micromolar concentrations
of free iron are generally not found in biological systems,
SitABCD, like MntH, appears to function primarily as a Mn**
influx system.

Cation selectivity of SitABCD transport. Inhibition of Sit-
ABCD-mediated Mn?" uptake by various transition metal cat-
ions paralleled their inhibition of MntH, with Ccd>* being the
most potent (K; = 1 to 3 uM). Co®" inhibited uptake with a K;
of about 20 uM, while Cu?", Ni*", and Fe*" inhibited uptake
with K;s of >100 pM (Fig. 4A). The major difference between
SitABCD and MntH was that Zn>" inhibited SitABCD with an
affinity of 1 to 3 uM that was not significantly sensitive to pH
(Fig. 4B). In contrast, the MntH affinity for Zn*" (19), also pH
insensitive, was about 50 times poorer than that of SitABCD
for Zn**. Further, the K; of Zn®" for inhibition of *Mn?*
uptake via SitABCD was identical to its K; for inhibition of
3Fe?* uptake by SitABCD (data not shown). Thus, the inter-
actions of the various cations with both SitABCD (this report)
and MntH (19) are consistent with competitive inhibition.

pH dependence of SitABCD transport. The V. of MntH
for Mn*" uptake increases as pH decreases (19). We therefore
determined the pH profile for SitABCD uptake of Mn*". In
contrast to the acid pH optimum of MntH, SitABCD displayed
a very marked increase in transport rate with increasing alka-
linity (Fig. 5). While MntH can take up substantial amounts of
Mn?" at both acid and slightly alkaline pHs, SitABCD was
almost inactive at acid pHs, with uptake rising to significant
levels near neutrality and remaining essentially constant there-
after. Since the transport capacities (V,,,,) of MntH and Sit-
ABCD appeared comparable (Fig. 6), these data suggested
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FIG. 3. Fe** affinity for SitABCD is greater than 1 M and sensi-
tive to pH. *>Fe?* uptake by SitABCD was measured in MM2639
(MM2524/pAJ113) as described in Materials and Methods with 100
nM extracellular *>Fe®* and increasing concentrations of nonradioac-
tive Fe?" at the assay pH indicated, with each concentration tested
twice. A single representative experiment of three similar experiments
is shown. Errors ranged from about =5% at low total Fe*" concen-
trations to *+3% at higher Fe** concentrations.

that under routine growth conditions, overall Mn?* accumu-
lation by wild-type cells expressing both transporters would be
due predominantly to SitABCD at alkaline pHs and due al-
most completely to MntH at acid pHs. The ability of Zn*" to
differentially inhibit the two systems provided the means to test
this hypothesis.

Wild-type S. enterica serovar Typhimurium was grown over-
night in M9/glucose medium; **Mn>" uptake was then mea-
sured in morpholineethanesulfonic acid (MES)-HEPES-buff-
ered transport medium at different pHs with and without
addition of 20 pM Zn?*, a concentration that inhibits 85 to
90% transport by SitABCD but less than 15% of that by MntH
at each pH assayed. Since Mn?" has equal affinities for these
transporters and because the transporters are being expressed
from their normal chromosomal background, the activity of
each transporter relative to the other can be directly com-
pared. Decomposition of total transport into MntH versus
SitABCD contributions based on Zn** inhibition (Fig. 6A)
demonstrated that both transporters were active simulta-
neously in wild-type cells. Furthermore, the inferred pH pro-
files of each transporter (Fig. 6A) were equivalent to those
obtained in strains expressing only MntH or only SitABCD
from plasmids (Fig. 5), thus validating the Zn®* inhibition
method. The results confirmed the hypothesis that at acid pHs,
virtually all Mn?* uptake is due to MntH. In contrast, while
uptake by SitABCD was the major factor at alkaline pHs,
MntH also contributed a significant amount of Mn** uptake.
Since the V,,,, of uptake by each system was dependent on
pH, we asked if wild-type cells might respond to changes in the
pH of the growth medium by adjusting the ratio of MntH to
SitABCD activity that they express. Therefore, wild-type S.
enterica serovar Typhimurium was subjected to growth at dif-
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FIG. 4. Inhibition of Mn®" uptake through SitABCD by other transition metal cations. Mn?>* transport by MM2639 (MM2524/pAJ113) was
measured as described in Materials and Methods with 50 nM extracellular **Mn?* and increasing concentrations of inhibitory cation at pH 7.2
(A) or increasing concentrations of Zn>" at the indicated pH (B). One of two similar experiments is shown. Ascorbate at 1 mM was present in
experiments with Fe?*. Errors ranged from about +5% at low total cation concentrations to +3% at higher cation concentrations.

ferent pHs overnight. Then each culture was assayed for
>*Mn?** uptake over the same range of pHs in the presence and
absence of 20 uM Zn?™ as in Fig. 6A. The data indicated that
while the absolute amount of Mn?" uptake did increase
slightly with increasing growth pH, the relative contributions of
SitABCD and MntH to total Mn*" uptake did not (Fig. 6B).

Physiological relevance of SitABCD transport of Mn>*. The
affinities of both SitABCD and MntH for Mn*" are much
higher than those for Fe*. This fact, coupled with the fact that
the concentrations of free iron in biological systems are ex-
tremely low, argues that both transporters function as primary
Mn?* influx systems and that their ability to transport Fe** is
of little physiological consequence. However, this supposition
depends on the actual activity of each system in the cell in the
context of overall homeostatic mechanisms operative for Mn**
versus Fe?*. To test the hypothesis that MntH and SitABCD
are important to overall Mn?" but not Fe?" balance, we grew
cells overnight in M9/glucose medium and measured both ini-
tial uptake rate and the equilibrium accumulation of Mn** and
Fe?", comparing the behavior of a wild-type strain (MM2089)
to that of a strain lacking both transporters (MM2524). We
tested uptake at two concentrations, 50 nM and 1 pM. The
lower concentration is about 30% of the apparent K, of both
transporters for Mn*", while 1 uM is about 10 to 30% of the
apparent K, of each transporter for Fe**. At room tempera-
ture, wild-type cells took up 50 nM Mn?* with an initial rate of
~50 pmol min~* 10? cells™!, reaching equilibrium in 30 min
with a total Mn?"* uptake of about 100 pmol of Mn*" per 10°
cells (Fig. 7). This is equivalent to a total internal Mn** con-
centration of 100 wM, assuming a cytoplasmic volume of 1 um?
per cell (19). By contrast, in the strain lacking both transport-
ers, there was no significant Mn?" uptake over the first 15 min,
and after 30 min, only about 2 pmol of Mn** per 10° cells had

been accumulated. Even at 1 uM external Mn?*, the trans-
porter-deficient strain accumulated only 20 pmol of Mn** per
10° cells after 30 min compared to about 300 pmol per 10° cells
for the wild-type strain. This residual uptake in the double
knockout strain was presumably either through an additional
low-capacity Mn*" -selective transporter or by leakage through
a transporter for another cation.

Lack of physiological relevance of Fe>* uptake by SitABCD.
In contrast to the extensive Mn?* uptake in wild-type cells,
there was no detectable uptake of 50 nM extracellular Fe*"
after 30 min of incubation in either strain (data not shown).
When Fe?* was supplied at 1 wM, a concentration more com-
mensurate with the K s of the transporters for this cation, the
initial rate of uptake by wild-type cells was >30 pmol of Fe*"
min~! 10° cells~', while the double knockout strain took up
about 10 pmol of Fe?" min~ ' 10° cells"'. This difference
between the initial uptake rate of the wild-type and double
knockout strains was qualitatively reproducible but quite vari-
able from experiment to experiment, the difference ranging
from 5 to 20 pmol of Fe*™ min~" 10° cells~'. This may reflect
a variable background of externally bound iron not removed by
washing at this relatively high Fe?* concentration. At equilib-
rium after 30 min, total accumulation from medium with 1 pM
Fe?" reached ~170 pmol of Fe*" per 10° cells in the wild-type
strain and ~160 pmol of Fe*" per 10? cells in the strain lacking
both MntH and SitABCD (Fig. 7). This Fe** uptake in each
strain was presumably through the divalent ferrous ion trans-
porter FeoB (15) or, less likely, through siderophore-mediated
Fe" systems in the event that a significant amount of Fe*"
was oxidized to the ferric form despite the presence of 1 mM
ascorbate. Similar experiments at different pHs, lower cell con-
centrations, or cation concentrations 5- to 10-fold above the
respective K,s gave similar results (data not shown). Thus,
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FIG. 5. The Vs of MntH and SitABCD have an opposite pH

dependence. Initial rates of 50 nM *Mn>" uptake were measured as
described in Materials and Methods for each individual transporter.
MntH uptake was measured using MM2638 (MM2524/pDGK220),
and SitABCD uptake was measured using MM2639 (MM2524/
pAJ113). The absolute transporter activities of MntH and SitABCD
differed slightly, because pDGK220 is a higher-copy-number plasmid
than pAJ113 and because the promoters for each transporter likely
respond somewhat differently to overnight growth in M9/glucose me-
dium. Consequently, uptake by each transporter was normalized to the
maximal uptake obtained, pH 5.5 for MntH and pH 8.2 for SitABCD.
Within each strain however, the changes in initial rate with the assay
pH of the transport medium accurately reflect the pH dependence of
that transporter’s V,,,

ax*

under these growth conditions, MntH and SitABCD combine
to supply essentially all of the cell’s Mn** but make no signif-
icant contribution to Fe?* uptake or homeostasis.

DISCUSSION

Mechanistic properties of MntH and SitABCD transport.
The transport properties of SitABCD (this report) and MntH
(19), as measured in intact cells, are surprisingly similar for
transporters with completely different structures and modes of
energy coupling. Their apparent capacities (V,,,,) are compa-
rable (Fig. 6), subject only to the caveat that the copy number
of each transporter in the membrane is unknown. Their K, or
K; values for Mn?*, Co**, Ni**, Cu?*, Cd**, and Fe*" are
virtually identical. SitABCD has a slightly lower (better) affin-
ity for Fe?" than does MntH. The affinity of each transporter
for Mn?* is completely unaffected by large changes in the pH.
Likewise, both transporters exhibit a curious pH-dependent
increase in affinity for Fe*>" and all inhibitory transition metal
cations tested, except Zn*" and Fe>*.

The only transport properties in which the two systems differ
are their relative sensitivity to Zn** inhibition and the pH
dependence of their transport capacity. Zn>" is a good inhib-
itor of SitABCD but has a much poorer K; for MntH. This
difference is probably of inconsequential significance physio-
logically. However, since MntH and SitABCD appear to be the
only Mn?" transporters of S. enterica serovar Typhimurium
(Fig. 7), this difference has the practical consequence that we

SitABCD, THE ALKALINE Mn?>" TRANSPORTER OF S. ENTERICA 3163

can obtain a measure of the relative contributions of SitABCD
versus MntH for Mn?" uptake by determining the Zn?*-inhib-
itable versus Zn*" -uninhibitable fraction of total Mn*" (Fig. 5
and 6). The opposite trend in pH dependence of V,,,, for
SitABCD and MntH transport has physiological implications
(discussed below).

The finding that the K, of Mn?" uptake is independent of
pH while that for Fe®" is quite sensitive to pH likely has
significant mechanistic implications for both transporters. With
MntH, computer topology predictions indicate the presence of
11 transmembrane segments, one fewer than for homologous
eukaryotic transporters. Clusters of histidine residues are also
predicted at the cytosolic end of transmembrane domain 6 and
periplasmic end of transmembrane domain 7. The pK, of his-
tidine is 6.5 and so is titrable over the pH range tested for
transport. Histidines readily bind divalent cations and there-
fore are good candidates to mediate pH sensitivity of a protein.
For example, Gerchman et al. (10) and Rimon et al. (26) have
demonstrated that an intramembrane histidine controls much
of the pH sensitivity of the NhaA Na*/H™ antiporter of E. coli.
However, it seems unlikely that the histidines clustered around
transmembrane domains 6 and 7 of MntH are involved in
rate-limiting Mn>* transport steps, since the K, for Mn*"
uptake is insensitive to pH. Their involvement in Fe** trans-
port by MntH is also problematic, given that the apparent K,
of MntH for Fe** decreases with increasing acidity. Since
decreasing pH should protonate histidine, it seems unlikely
that interaction of a positively charged cation with a proton-
ated histidine near or within the transport channel would result
in an increased cation affinity. Structural predictions for a
multisubunit ABC type transporter like SitABCD are less
straightforward than for a single polypeptide transporter.
However, it is likewise equally problematic to attribute the
different pH responses of SitABCD Mn?* and Fe®" affinities
to histidine protonation or deprotonation. The pH dependence
of the V., for SitABCD, by contrast, is consistent with titra-
tion of a histidine. Protonation of one or more histidines at
acidic pHs might well inhibit passage of a cationic substrate at
a transport step well after the binding events that determine
apparent K,,.

How then might these transporters have a Mn" affinity that
is not sensitive to pH, yet a Fe** transport affinity (and inhib-
itory affinity for many other cations) that is sensitive to pH?
There are two kinetic explanations. First, the K, could be
dominated by the association and dissociation rates of the
substrate coupled with binding of Mn*" to a qualitatively dif-
ferent site on the transporter than that for Fe** and the pH-
sensitive inhibitory cations. Second, K, could be influenced by
the forward rate of transport coupled with the passage of
Mn?* through each transporter involving interactions not ex-
perienced by other cations. Although these explanations can-
not be tested without a detailed structural analysis, we favor
the first explanation. Ferric iron, Fe**, which is not trans-
ported, inhibits Mn*" transport with a K; as insensitive to pH
as is the K, for Mn>" transport. Inhibition without transport
implies binding without significant penetration of the mem-
brane, i.e., Fe** binds to the periplasmic face of MntH and
either remains sequestered in the periplasmic binding protein
SitA or binds to the periplasmic face of the SitC and/or SitD
membrane-spanning permease subunits. Thus, we would pre-
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FIG. 6. Discriminating between MntH- and SitABCD-mediated Mn>" uptake in wild-type cells. (A) MntH and SitABCD have comparable
overall activities in cells grown in M9/glucose medium. Standard curves (not shown) had previously determined the percent resistance of MntH
alone and SitABCD alone to 20 wM Zn>" at a variety of assay pHs, using strains MM2638 and MM2639, respectively. At this Zn>* concentration,
MntH was always more than 85% resistant and SitABCD was always less than 15% resistant. In the experiment shown, wild-type S. enterica serovar
Typhimurium (MM2089) was grown overnight in M9/glucose medium (pH 7.2), and uptake of 50 nM **Mn?" was measured at different transport
pHs with and without 20 uM Zn?*. Total uptake was decomposed into MntH versus SitABCD components by linear interpolation of the measured
Zn**-resistant uptake (not shown) using the standard curves previously generated with each point determined in duplicate. One of two similar
experiments is shown. Unlike the experiment in Fig. 5, where the transporters are expressed from plasmids, in this experiment both transporters
are being expressed in their normal chromosomal background. Since each transporter has the same affinity for Mn**, the initial rates of uptake
are an accurate reflection of relative activity of each system. (B) Relative MntH and SitABCD activity does not vary with growth pH. Experiments
equivalent to those shown in panel A were performed on wild-type cells (MM2089) grown in medium identical to M9/glucose medium except that
the proportions of Na,HPO, and KH,PO, were varied to achieve different final growth pHs of 8.0 (m, (1), 7.6 (A, A), 7.2 (¥, V), 6.8 (®, <), and
6.4 (@, O) and assayed at the pH indicated on the x axis. SitABCD (open symbols) versus MntH (closed symbols) components of total uptake were
calculated as in panel A. Total uptake curves have been omitted for clarity, but their shapes are similar to that shown in panel A. One of two similar
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experiments is shown. Errors ranged from about =5% at low total Mn** concentrations to +3% at higher Mn*" concentrations.

dict that for each transporter, Mn*>* and Fe** would occupy
the same binding pocket primarily responsible for determining
affinity, while Fe** and the pH-dependent inhibitory cations
either bind at a different site or bind with qualitatively different
energetics at the same site.

The chemistry of these transition metal cations supports this
interpretation. Of all the cations tested, only Fe** is isoelec-
tronic with Mn**, having the spherically symmetric high-spin
&’ electron configuration often associated with labile binding
due to weak d orbital coupling with biological ligands (8), thus
allowing Fe** to coordinate similarly to Mn**. In contrast to
Mn?* and Fe**, Fe*" (d°) and most other inhibitory transition
metal divalent cations interact with the protein via nonequiva-
lent d orbitals. Metals with nonequivalent d orbital configura-
tions bind with qualitatively different energetics to biological
ligands (8). Supporting this interpretation is the result that
Zn**, which also has a spherically symmetrical (d’?) electron
configuration, also inhibits both transporters without pH de-
pendence (Fig. 4B). Overall, these considerations suggest that
for both transporters, both the K;s of inhibitory and K,s of
substrate metals are determined by their association and dis-
sociation rates rather than subsequent transport steps. Further,
these rates appear to be influenced more by the d orbital
configuration than by the charge of the interacting cation.

In addition to these chemical considerations, it is possible
that the pH sensitivity of MntH and SitABCD is also related to
the stoichiometry of transport. The mammalian NRAMP2

transporter was shown initially to be a H"/cation symporter
and is thus highly electrogenic (14). More recent data have
confirmed this interpretation but also suggested that some
NRAMP class transporters can mediate antiport of proton and
divalent cations (11) and that the symport pathway has a vari-
able stoichiometry for H*, with more than one proton being
transported per divalent cation transported (27). Symport or
antiport of other ions would be unusual for SitABCD as a
member of the ABC cassette superfamily; however, the rela-
tive stoichiometry of substrate translocation and ATP hy-
drolysis has not been determined and could conceivably be
variable. Overall, the electrophysiological data for eukaryotic
MntH homologs (11, 14, 27) and our demonstration of differ-
ent pH-sensitive proton-cation interactions for different cat-
ions with both MntH and SitABCD promises complex but
highly interesting mechanisms of transport.

Physiological implications. The finding that SitABCD and
MntH have complementary pH profiles for their transport
capacity offers an obvious rationale for why S. enterica serovar
Typhimurium has two Mn?" transporters. In the moderately
acid environment that bacteria encounter in the mammalian
small intestine or inside a developing phagosome, MntH would
appear to offer the only means for significant Mn?* uptake. In
a moderately alkaline environment, by contrast, both MntH
and SitABCD would have significant activity, thus affording the
cell the luxury of coupling Mn** uptake either to the trans-
membrane proton gradient or to ATP hydrolysis according to
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FIG. 7. SitABCD and MntH are responsible for physiological
Mn?* uptake but not Fe*" uptake. Initial rates of uptake (1 min [1'])
of >*Mn?* at 50 nM (solid bars) and of >*Fe®" at 1 pM (hatched bars)
are shown along with accumulation at equilibrium (30 min) for >*Mn*"
at 50 nM or 1 pM (solid bars) or for **Fe** at 1 uM (hatched bars).
Uptake by wild-type cells (MM2089) (WT) and by the mntH sitABCD
double mutant strain (MM2524) (KO?) is indicated. Concentrations of
50 nM Mn>* and 1 pM Fe?" were chosen for comparison, since these
concentrations are essentially equivalent with respect to that cation’s
apparent K, thus allowing direct comparison of bulk uptake. Errors
were about +4% for Mn** and =6% for Fe?* uptake except for
uptake of *Fe®" at 1 min (see text). Equil., equilibrium.

its energetic capabilities and needs. The few MntH orthologs
characterized thus far all transport more robustly at acid pHs
than at alkaline pHs. Whether ABC-type Mn?* transporters in
other species such as YfeABCD (4) in the closely related
Yersinia pestis (which also has an MntH) have the same alka-
line pH dependence for their V,,,, as SitABCD is not yet
known.

Whether MntH and SitABCD are expressed more asym-
metrically in environments other than the high-phosphate min-
imal M9/glucose medium is not known. It may be that the
current and anticipated Mn*" requirements of cells comfort-
ably supplied with glucose are so slight that both transporters
are only minimally expressed, regardless of growth pH. More
likely, the minimal transition metal content of M9/glucose me-
dium leads to maximal expression of both transporters, regard-
less of growth pH.

Whether MntH and SitABCD are relevant to Fe*" uptake
and iron homeostasis in any other environments is not known,
but in M9/glucose medium, Fe** uptake by these transporters
is physiologically irrelevant. As shown in Fig. 7, when Fe*™ is
supplied at 1 pM, roughly 20% of each transporter’s K, for
Fe?*, the wild-type strain internalizes at most 5 to 10% more
iron than the mntH sitABCD double mutant. Since a free Fe*"
concentration of 1 wM or higher is very improbable, the con-
tribution of MntH and SitABCD to iron homeostasis in any
foreseeable S. enterica serovar Typhimurium environment will
be far lower. By contrast, when Mn?" is supplied at roughly
30% of each transporter’s K, for Mn**, wild-type S. enterica
serovar Typhimurium internalizes 40% of the total extracellu-
lar Mn** available compared to less than 1% in the mntH
sitABCD double mutant. Thus, in standard media for enter-
obacteria, both MntH and SitABCD are functionally com-
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pletely specific for Mn?*. We note that, in contrast to the
improbability of micromolar concentrations of free iron, a con-
centration of 50 to 100 nM Mn?" is similar to estimated Mn*"
concentrations in plasma in mammals (9, 20, 28).

Overall, our demonstration that SitABCD transports Mn?*
in a physiologically relevant manner, coupled with the differ-
ences in pH dependence between mntH and sitABCD and the
complex regulation of both transporters (19, 19a) leads to the
conclusion that overall Mn?** homeostasis is of some impor-
tance to the cell. Why Mn?" homeostasis is of importance
presumably resides in the functions of the relatively few known
Mn?" enzymes, an area of little knowledge but great potential.
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