REPORT

In Situ Determination of
Manganese(ll) Speciation in
Deinococcus radiodurans by
High Magnetic Field EPR

DETECTION OF HIGH LEVELS OF Mn(ll)
BOUND TO PROTEINS*

Received for publication, December 14, 2012, and in revised form, January 5, 2013
Published, JBC Papers in Press, January 9, 2013, DOI 10.1074/jbc.C112.444992

Leandro C. Tabares' and Sun Un?

From the Service de Bioénergétique, Biologie Structurale et Mécanismes
(CNRS/UMR-8221), Institut de Biologie et de Technologies de Saclay,
Commissariat a 'Energie Atomique (CEA)-Saclay,

91191 Gif-sur-Yvette, France

N

(Bacl(ground: Mn(II) plays a role in cellular defense
against oxidative stress.
Results: The Mn(Il) speciation in D. radiodurans cells
has been determined i situ.
Conclusion: Manganese superoxide dismutase is the
predominant Mn(II) species and is likely to be more
important than small Mn(II) complexes for regulating
superoxide.
Significance: This work establishes a method for study-
ing Mn(II) speciation and homeostasis in intact cells.

J

High magnetic field high frequency electron paramagnetic
resonance techniques were used to measure iz situ Mn(II) spe-
ciation in Deinococcus radiodurans, a radiation-resistant bacte-
ria capable of accumulating high concentrations of Mn(II). It
was possible to identify and quantify the evolution of Mn(II)
species in intact cells at various stages of growth. Aside from
water, 95-GHz high field electron nuclear double resonance
showed that the Mn(II) ions are bound to histidines and phos-
phate groups, mostly from fructose-1,6-bisphosphate but
also inorganic phosphates and nucleotides. During stationary
growth phase, 285-GHz continuous wave EPR measurements
showed that histidine is the most common ligand to Mn(II) and
that significant amounts of cellular Mn(II) in D. radiodurans are
bound to peptides and proteins. As much as 40% of the total
Mn(II) was in manganese superoxide dismutase, and it is this
protein and not smaller manganese complexes, as has been sug-
gested recently, that is probably the primary defense against
superoxide.
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Although metallomics has become a well established field,
there are only a few methods for measuring in situ cellular
metal speciation. We have used high magnetic field (3 and 10
teslas) high microwave frequency (95-285 GHz) electron para-
magnetic resonance (HFEPR)? spectroscopy to identify and
measure Mn(II) species in intact cells of Deinococcus radio-
durans, a bacteria well known for its resistance to ionizing radi-
ation (1-4). D. radiodurans belongs to a group of diverse
organisms that are capable of accumulating very high concen-
trations of Mn(II), as much as 30 mm (5-8). This high manga-
nese content is thought to be associated with nonenzymatic
reactions that protect the organisms against toxic reactive oxy-
gen species (6-8). For example, in vitro Mn(II) carbonate
exhibits catalase-like activity (9), whereas Mn(II) phosphates
can dismutate superoxide (10, 11). However, an understanding
of the in vivo relevance of such reactions has been elusive
because little is known about the cellular Mn(II) speciation.
Daly et al. (12) examined how manganese is distributed in var-
ious cellular fractions of D. radiodurans. They found that the
majority of cellular Mn(II) existed as small complexes, but were
unable to address the identity and quantity of the Mn(II) bound
to proteins and other macromolecules. They found that Mn(II)-
containing protein-free cellular extracts of D. radiodurans pro-
tect Escherichia coli and human cells against y-radiation. This
has led to the proposal that radioresistance is mediated by
Mn(II)-(inorganic) phosphate-metabolite complexes that spe-
cifically protect cytosolic proteins against ionizing radiation
(12). Such ex vivo approaches can help identify potential com-
plexes that may be present in the cells, but they disrupt cellular
integrity, which invariably leads to changes in intracellular
equilibrium concentrations affecting manganese speciation.
This is a general problem that plagues metal speciation and
homeostasis studies that can be avoided by direct spectroscopic
measurements on intact organisms (13).

Electron paramagnetic resonance (EPR) techniques are par-
ticularly effective at detecting and discriminating Mn(II) spe-
cies. McNaughton ez al. (14) recently demonstrated that Mn(II)
ions with inorganic phosphate and water ligands could be
detected in viable yeast cells using 35-GHz pulse electron
nuclear double resonance (ENDOR). Manganese ENDOR
detects the magnetic nuclei, such as proton, phosphorus, and
nitrogen, around the metal center. We have used 95-GHz
ENDOR and 285-GHz EPR to measure Mn(II) speciation in
intact D. radiodurans cells. The use of higher frequencies and
magnetic fields not only has the advantage of increased sensi-
tivity and resolution, but also leads to the simplification of
Mn(II) EPR and ENDOR spectra (15). The in vivo Mn(II) dis-
tribution was conserved by rapid freezing to liquid nitrogen
temperatures and measurements made at 6 or 23 K. In this way,
it has been possible to measure Mn(Il) speciation in situ at

3 The abbreviations used are: HFEPR, high field electron paramagnetic reso-
nance; CW-HFEPR, continuous wave HFEPR; ENDOR, electron nuclear
double resonance; SOD, superoxide dismutase; Fru-1,6-BP, fructose 1,6-
bisphosphate; ATPvS, adenosine 5’-O-(thiotriphosphate); OD, optical den-
sity; TGY, Triptone glucose yeast extract.
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different phases of growth. These growth phase-dependent dif-
ferences also helped us to assign more precisely the species
involved.

EXPERIMENTAL PROCEDURES

Samples—D. radiodurans R1 cells were grown at 30 °C in 2X
TGY medium, and the optical density (OD) was followed at 600
nm (16). The cells were harvested by centrifugation (5 min,
3000 X g) and washed three times with 50 mm Tris-HCI, pH 7.8,
and 150 mMm NaCl. The cell suspension was then loaded into the
appropriate sample holder. For the 285-GHz measurements, it
was place in a plastic sample tube (Nalgene, 2-ml cryotube) and
centrifuged (5 min, 3000 X g) in a fixed angle rotor. The super-
natant was discarded, and the cell pellet (~400 ul) was resus-
pended with 200 ul of buffer to achieve optimal volume and
geometry. For the 95-GHz measurements, a standard quartz
sample tube (Bruker, bottom-beaded 95-GHz sample tube) was
completely filled with the cell suspension. The cells were com-
pacted by placing the sample tube in a larger 15-ml plastic tube
and centrifuging (2 min, 1000 X g) in a fixed angle rotor.
Because the resulting cell pellet (~2 ul) optimally filled the
microwave cavity, there was no need to remove the superna-
tant. The quartz sample tube was then mounted onto its holder.
In both cases, the samples were immediately frozen in liquid
nitrogen and stored at 200 K until use. They were submersed
into liquid nitrogen before being loaded in the usual manner
(17) into the precooled spectrometer cryostats (see below)
poised below 100 K. In this way, the cell samples remained well
frozen at all times. To test freezing resistance, samples from
exponential and stationary phase cultures were thawed back to
room temperature and plated on 1% agar-TGY medium. After
48 h, the number of colonies was counted and compared with
control samples treated in the same way but kept in ice instead of
frozen. Viability after freezing and thawing was more that 80%.

Manganese solutions were prepared using Mn(ClO,),°6H,0,
contained 10-20% glycerol, 100 mm NaCl, and were adjusted to
pH 7.0 = 0.5. Glycerol significantly improved the resolution of
the EPR spectra. For in vitro studies on DNA, E. coli genomic
DNA (8.5 = 1.7-bp fragments, contaminant-free, Sigma-
Aldrich) was used. It was washed several times with 5 mm
EDTA in water followed by a water wash to eliminate the
EDTA. DNA with an effective nucleotide concentration of ~5
mM was incubated 10 min with 100 um Mn(II) and 10% glycerol
and frozen in liquid nitrogen. Mn(II) concentration in the 2X
TGY medium was estimated to be ~2 um by EPR spin
quantification.

HFEPR—The 285-GHz CW-HFEPR spectra were taken at 23
K on a locally built HFEPR spectrometer (17) under nonsatu-
rating conditions using 2—10-Gauss modulations depending on
the nature of the species. The 95-GHz ENDOR spectra were
taken at 6 K using a Bruker ELEXSYS II 680 EPR spectrometer
equipped with a Bruker Power Upgrade 2, 500-watt Amplifier
Research radiofrequency amplifier and an Oxford Instruments
CF935 flow cryostat. The ENDOR spectra were obtained by
microwave excitation of the highest field hyperfine line. Davies
ENDOR (18) measurements were composed of a 200-ns micro-
wave preparation and 20-us radiofrequency pulses followed by
a two-pulse echo detection (100- and 200-ns microwave pulses
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separated by 600 ns). Phase cycled three-pulse Mims ENDOR
(19) measurements were composed of two 20-ns microwave
pulses separated by 300 ns followed by a 20-us radiofrequency
pulse and a final 20-ns microwave pulse. ENDOR spectra were
obtained by exciting the highest Mn(II) hyperfine resonance.

3P Ligand Quantitation—Using the ligand counting method
described by Potapov and Goldfarb (20), we reproduced their
results for the 1:1 MnADP and the 1:1 MnATPvS complexes,
using instead ATP (100 um Mn(II) and 100 um ATP) for the
latter (32). These corresponded to one and two *'P nuclei,
respectively. The intensities of *'P resonances normalized to
the integrated intensities of their respective *>Mn resonances
were consistent with the Potapov and Goldfarb (20) ligand
counting method.

SOD Quantitation—Before the MnSOD contributions to the
D. radiodurans 285-GHz CW-HFEPR spectra were deter-
mined, a gaussian fit of a broad background contribution was
subtracted from each. The resulting spectra were normalized to
their double integrals (the data were obtained as derivatives of
the absorption). An E. coli MnSOD spectrum (21) was used as a
model to calculate by least squares analysis the MnSOD content
of each spectrum.

RESULTS AND DISCUSSION

Fig. 1A shows the broadband NMR spectra, obtained by
95-GHz ENDOR spectroscopy, of phosphorus and proton
nuclei near the Mn(Il) ions in intact cells of D. radiodurans
from cultures at exponential (ODy,, = 0.4) or stationary
(ODg¢yp = 2.0) growth phase. As a consequence of the high
magnetic fields used and judicious selection of temperatures
(22), they are simpler and more resolved than the previous
35-GHz yeast spectra (14). At the *'P resonance frequency (58
MHz), the 95-GHz D. radiodurans Davies ENDOR spectra had
an intense pair of resonances split by 4.3 MHz, similar to the
pair reported for yeast (14) (Fig. 1, A and B). This splitting is
caused by the interaction between the magnetic moments of
the *'P nuclei and Mn(II) unpaired electrons, known as the
hyperfine interaction. Its magnitude was consistent with direct
phosphate ligation (23). A small 280-kHz hyperfine coupling
was also detected corresponding to more distant (>5 A) >'P
nuclei probably residing on nearby nonligating phosphate
groups. These resonances were more clearly seen using the
Mims ENDOR technique (Fig. 1B, inset) (19). The ENDOR
spectra of a number of different Mn(II) phosphates (Fig. 1B)
were separately measured to identify the chemical origin of the
cell resonances. These included orthophosphate, pyrophos-
phate, glucose 6-phosphate, fructose 6-phosphate, fructose 1,6-
bisphosphate (Fru-1,6-BP), ADP, and ATP. Only the ®'P reso-
nances of Mn(II) bound to Fru-1,6-BP, one of the most
abundant phosphate metabolites in the cell (24), matched both
the large and the small hyperfine splittings. However, it did not
completely account for the shape of the cell resonances. The
inner part required Mn(II) bound to an orthophosphate-like
component. The outer shoulders of the cell spectra corre-
sponded to a relatively large hyperfine coupling of 7 MHz. In
biological samples, such a large splitting has only been observed
for Mn(II) bound to hammerhead ribozyme (23). A similar cou-
pling could be reproduced using isolated DNA (Fig. 1B, purple
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FIGURE 1. 95-GHz Mn(ll) ENDOR spectra of D. radiodurans. A, the broad-
band spectra of intact cells from cultures grown to OD = 0.4 and 2.0 and their
difference spectrum. The labels indicate the resonance position of the
detected nuclei. B, the 3'P region of OD = 0.4 cells and its least squares fit
composed of the frozen solution spectra of 50 uwm Mn(ll):in 100 mm Fru-1,6-BP
(52%, green); in 10 mm orthophosphate (20%, orange); and with DNA (24%,
purple). The OD = 0.4 sample Mims ENDOR spectrum of the small 280-kHz
resonance is shown in the inset. C and D, the "H regions and their decompo-
sition into their respective water and imidazole components as compared
with those of 50 um Mn(ll) by itself (IMn(H,0)¢]>*) (dotted trace over the water
component) and in 500 mm imidazole ((Mn(imidazole),,]**) (dotted trace over
the imidazole component). The arrow indicates the region used to quantitate
the number of water ligands.

trace). Hence, it appears to be unique to Mn(II) bound to nucle-
otides. The DNA spectrum also had a smaller coupling (~250
kHz). Least squares fits of cell ENDOR spectra using only the
spectra Fru-1,6-BP, DNA, and orthophosphate yielded excel-
lent results that even accounted for the amplitude of the smaller
hyperfine couplings (Fig. 1B). The relative contribution was
52% Fru-1,6-BP, 24% DNA, and 20% orthophosphates. The
orthophosphate component very likely included the various
other inorganic phosphate complexes, including those of
polyphosphates and ATP, because their ENDOR spectra were
nearly indistinguishable. From ligand counting analysis, each
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cellular Mn(II) was found to have an average of 0.8 = 0.5 phos-
phate ligands during exponential growth phase (OD = 0.4) that
increased to 1.8 = 0.8 in late stationary phase (OD = 2.0).

By contrast, the intensity of the 'H region, centered at 144
MHz, of the ENDOR spectra (Fig. 14) decreased as cells went
from exponential to stationary growth phase. The outer shoul-
ders of 'H ENDOR spectra of the cells closely resembled those
of [Mn(H,0)4]*>", extending beyond +3.7 MHz about the cen-
ter (Fig. 1, Cand D). For this reason, these regions were assigned
to water ligands. The spectra of the cells were normalized to
that of the [Mn(H,0),]>* at the position indicated by the arrow
inFig. 1, Cand D. The intensity at this position corresponded to
4.5 = 0.5 water ligands per detected Mn(II) in OD = 0.4 cells
and 3.8 = 0.5 in OD = 2.0 cells. Using this information, it was
possible to arithmetically decompose the cell spectra into two
components (Fig. 1, C and D, cyan and green traces). As
expected, the broader component was essentially the same as
the spectrum of [Mn(H,0).]*", whereas the narrower one
closely resembled the 'H ENDOR spectrum of [Mn(imidazo-
le),]*" obtained from a solution of 50 um Mn(II) in 500 mm
imidazole. Consequently, this latter component was assigned to
histidine ligands. Histidine ligation appeared to steadily
increase, but the change was within the estimated error, and on
average, each detected Mn(II) ion had about 0.7 % 0.5 histidine
ligands regardless of the culture OD.

Significant histidine ligation was also confirmed by 285-GHz
CW-HFEPR spectroscopy. Exponential growth phase spectra
were dominated by a single set of six sharp **Mn hyperfine lines
that closely resembled those of [Mn(H,O),]>" (Fig. 2A) cen-
tered at a g-value of 2.00107 + 0.00004 with a **Mn hyperfine
coupling, A*°,, , of 263 = 5 MHz. As the cells entered station-
ary phase, a second set of six resonances, with g = 2.00100 =
0.00004 and A®®,, = 256 + 5 MHz, appeared that became
nearly as intense as the first. This stationary phase spectrum
could be closely mimicked by the combined spectra of Mn(II) in
Fru-1,6-BP and Mn(II) in imidazole solutions (Fig. 2B). The
sharp cellular imidazole resonances could not be replicated
with any other common metabolites or free amino acids and
were absent in the spectrum of Mn(Il) ions in a solution con-
taining both Fru-1,6-BP and imidazole (or histidine). This
strongly suggested that the stationary phase centers were not
due to simple free histidine ligation. Because the ENDOR spec-
tra showed that imidazole ligands were present at all stages of
growth, the appearance of these centers during stationary
phase was probably the result of a redistribution of histidine
ligands. Preliminary imidazole titration measurements show that
the 285-GHz CW-EPR spectra progressively changed as more imi-
dazoles ligate the Min(II) ions, the new species in the OD = 2.0 cells
having about two imidazoles bound to each Mn(II) ion.

More remarkable was the progressive growth of a much
broader set of resonances that exactly matched the unique fin-
gerprint of the five-coordinate manganese center in MnSOD
(Fig. 2, C-E) (21, 25). Because the 285-GHz CW-HFEPR spec-
tra were obtained as derivatives of the absorption with respect
to magnetic field, the sharp six-line component visually domi-
nated the cell spectra because each of the six lines was over 20
times narrower than the SOD component (Fig. 2, C and D).
However, integrating the spectrum to obtain the absorption
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FIGURE 2. The 285-GHz CW-HFEPR Mn(ll) spectra of intact cells of D. radiodurans. A, the progression from OD = 0.4-2.0 of the sharp six-line

component. B, the shape of the lowest field hyperfine line (centered at 10.15
and a sample containing physically separate solutions of Mn(ll) (50 um) in

8 teslas) of the same component as compared with the spectra of [Mn(H,0)4]* "
100 mm Fru-1,6-BP and 30 mm imidazole. C, the complete Mn(ll) spectra of

D. radiodurans (red) and the least squares fit of the E. coliMnSOD spectrum to its broad component. D, 40X vertical expansion of both better showing the broad

MnSOD spectrum. E, the corresponding absorption spectra obtained by num

erical integration and their integrals (dashed lines) showing the relative Mn(ll)

content in both. F, the least squares fits of the E. coli MnSOD spectrum to the D. radiodurans broad components at different growth stages. The OD = 0.4 fitin
panel F represents the upper limit or about 5% of the total observed Mn(ll) HFEPR intensity, and the asterisk indicates a reproducible non-Mn(ll) signal that has

yet to be assigned. G, the MnSOD fraction as a function growth stage.

spectra corrected for this bias (Fig. 2E), showing the true inten-
sity relationship between the two components. At OD = 0.4,
the MnSOD signal was just at the detection limit constituting at
most 5% of total HFEPR Mn(II) intensity, but afterward rapidly
increased to about 40% (Fig. 2, F-G).

This level of MnSOD in D. radiodurans in exponential phase
cells is consistent with previous measurements. Intracellular
E. coli Fe/MnSOD has been estimated to be 3500 units/ml (26)
or about 40 uM of MnSOD monomer (4500 units/mg, molecu-
lar mass 20,500 Da). Because D. radiodurans has been shown to
express at least five times more SOD than E. coli (2), it is
expected to have about 200 um MnSOD or about 7% of the total
cellular Mn(II), measured to be about 3 mM (6). This amounts
to ~7000 copies of SOD per cell out of the ~1.1 X 10°> manga-
nese atoms present in a cell (6) as compared with the 10-60
times larger E. coli cell (27) that holds about 20,000 copies of
FeSOD and 10,000 of MnSOD (28).

Fig. 3 summarizes how the ligand sphere around Mn(II) ions
evolves. In early phases, water is the dominant ligand. It is
steadily replaced by phosphates and, more importantly, histi-
dines coming from MnSOD and an as yet unidentified peptide
or protein possessing the distinct CW-HFEPR spectrum.
ENDOR spectra show that histidine ligation is present at all
stages of growth, whereas the progression in the CW-HFEPR
spectra suggests a change from predominantly single histidine
to two histidine-bound centers.* Because these centers as well
as those that have phosphate ligands are also likely to have

4 MnSOD spectrum at 95 GHz is much broader than at 285 GHz; consequently
and for other technical reasons, MnSOD does not contribute to the ENDOR
spectra.
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FIGURE 3. Schematic representation of the Mn(ll) ligand sphere in
D. radiodurans cells. A, growth curve of D. radiodurans. B, the Mn(ll) ligand
sphere as a function of the OD. Each plot is divided into regions showing the
average ligand fraction per Mn(ll) “(see under "Results and Discussion”). The
inner green circle represents the fraction of MnSOD.

water ligands, there was little room for any significant amounts
of free [Mn(H,0),]>" ions in the stationary phase cells.
Regardless of the exact nature of these Mn(II) species, the
freezing process itself did not affect their concentrations.
Thawing and refreezing a sample of stationary phase cells dem-
onstrated this. After thawing, the cells were 80% viable (see
“Experimental Procedures”), and the 285-GHz spectra taken
after refreezing were essentially the same as the originally fro-
zen ones. However, we cannot rule out the possibility that the
equilibria involving the smaller species shifted in response to
lower temperatures. This is unlikely to be an issue for the tightly
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bound manganese in MnSOD, the major manganese species in
stationary cells. What is missing from our analysis is absolute
quantitation of the species involved. The total Mn(II) concen-
tration of the samples was estimated to be 200 wM, consistent
with previous measurements for whole cells (12). The inte-
grated intensities of the spectra of acid-digested and intact cells
indicated that the amount of unobserved pools of Mn(Il), if any,
was insignificant. Moreover, it has been shown (29) that no
significant levels of Mn(III) or Mn(IV) are present in D. radio-
durans. Therefore our measurements accounted for the vast
majority of the manganese present inside the cell.

The results summarized in Fig. 3 provide a global picture of
Mn(II) speciation. There is clear evidence that although Mn(II)
binds to phosphates and other low molecular weight ligands as
reported previously (12, 14), a significant amount is bound to
proteins. In particular, MnSOD accounts for 10—40% of the
total Mn(II) present in D. radiodurans. This raises the question
whether small Mn(II) complexes play a major role as superox-
ide scavengers in vivo in this and other organisms. Given the
considerably lower superoxide scavenging efficiency of Mn(II)
phosphates (10, 11) as compared with MnSOD, it seems
unlikely that this is the case. They may, however, be involved in
other antioxidant processes, which may explain why protein-
free extracts of D. radiodurans (12) have a protective effect.
Sod-null mutants of D. radiodurans are 3—90 times more sen-
sitive to ionizing radiation than the wild type (30). Increases in
superoxide concentration are, however, only one of a number
of consequences of ionizing radiation (31). Therefore other
enzymes and smaller molecular complexes may be required to
achieve full resistance. This is consistent with the finding that
Mn(I) is essential for this process (6). In addition to MnSOD,
the cells produce significant amounts of a histidine-ligated
Mn(II) metallopeptide/protein that is specific to the stationary
phase. Its identity and importance, if any, require further inves-
tigation. Because so much of the Mn(II) is bound to protein, it
may be difficult to discern the contribution of small molecular
weight Mn(II) complexes by measuring radio resistance as a
function of Mn(II) concentration because this would also affect
Mn(II) protein levels.

The detection of manganese bound to Fru-1,6-BP and nucle-
otides was somewhat unexpected. However, in fact, cellular
Fru-1,6-BP concentration is very high as compared with other
phosphates (24). More intriguingly, its concentration reflects
both the pentose phosphate and the glycolytic pathways. The
former has been shown to be an antioxidant sensor (32). Hence,
the levels of Mn(II) Fru-1,6-BP may reflect the cellular oxidative
balance. Nucleotides in the form of DNA are also present in a
high concentration, and isolated D. radiodurans DNA has been
found to contain significant amounts of Mn(II) (5). Crystallo-
graphic studies show that the Mn(II) can bind to DNA directly
to phosphate backbone or the N-7 of atoms of guanosines or
indirectly to the phosphates through intervening water mole-
cules (33, 34). The large observed *'P coupling in the cell
ENDOR spectra is consistent with direct binding to phosphate
groups. Whether this is indicative of binding to DNA or other
nucleotides requires further investigation and comparison with
other organisms.
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Such a detailed accounting of a metal ion in situ has rarely
been achieved. By coupling ENDOR and CW-HFEPR and high
magnetic fields, a unique iz situ view of manganese speciation
has been obtained. The magnetic resonance techniques we
have described are generalizable to other organisms. We are
obtaining similar quality data even from intact seeds. Beyond
speciation, one intriguing prospect is the use of these tech-
niques in conjunction with transport and regulatory mutants
(35, 36) to probe manganese regulatory mechanisms. An
intriguing possibility is to couple the ex vivo and in situ
approaches in conjunction with classical metallomic methods
to obtain a more comprehensive quantitative outcome. This is
being undertaken.
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